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ABSTRACT 
 The African indigobirds (Vidua spp.) are exceptional among avian brood parasites 
in that mimicry of host vocalizations plays an integral role in their social behaviors and 
evolutionary history. Young indigobirds imprint on the vocalizations of their hosts during 
development, adult males include mimicry of these vocalizations in their own repertoire, 
and adult females use these songs to choose both their mates and the nests they parasitize. 
Imprinting on the host during development therefore results in assortative mating and 
host fidelity, but also provides a mechanism for rapid, sympatric speciation via host shift. 
Host shifts require some degree of host infidelity, however, and the same behavioral 
mechanisms may thus lead to hybridization if eggs are laid in the nest of a host species 
already “occupied” by another indigobird species. Thus, it is not clear if the 
morphological and genetic similarity of most indigobird species is due to recent common 
ancestry or ongoing hybridization. I addressed this uncertainty by studying indigobirds in 
East Africa, a region that was colonized by West African ancestors in the late Pleistocene 
and is currently home to four indigobird species. I analyzed variation among species in: 
	  	   vii 
1) the responses of territorial males to playbacks of conspecific and heterospecific 
vocalizations; 2) temporal and frequency traits of chatter calls and complex non-mimicry 
songs; 3) morphological characters; and 4) genomic polymorphisms. The playback 
experiment shows that host mimicry is an important cue in species recognition, and 
suggests that it may contribute to species cohesion when juveniles or adults disperse 
beyond the boundaries of their dialect neighborhood. Analyses of both non-mimetic 
vocalizations and morphological characters (i.e., plumage color and body size) reveal that 
they are shaped by divergence among species as well as local ecology. Analyses of 
thousands of “double-digest” restriction site-associated DNA (ddRAD) loci scattered 
across the genome indicate that both species identity and geographic divergence 
contribute to population structure. Taken together, the results show that the tempo of 
speciation and morphological divergence among indigobirds associated with different 
hosts is likely variable, depending on geographic context, and the breeding ecology and 
morphology of alternative hosts. 
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PREFACE 
 
 Avian obligate brood parasites reproduce only by laying their eggs in the nests of 
heterospecific species, and thus transfer the burden of parental care to the foster parents 
and free resources for other activities (Davies 2000). Being parasitized carries significant 
fitness costs for hosts, which often fail to fledge their own offspring while raising 
parasitic chicks. This dynamic has created an evolutionary arms race in which brood 
parasites have adaptations that increase the likelihood of duping hosts into caring for their 
young, and hosts have adaptations to deter parasitism and/or reject parasitic eggs or 
chicks. Behavioral and genetic studies of brood parasites and their hosts have shed light 
on the details of these arms races, and contributed to our general understanding of the 
evolutionary dynamics of antagonistic interactions between species (Dawkins & Krebs 
1979; Rothstein 1990). 
The avian genus Vidua comprises 19 species of obligate brood parasitic finches 
that are distributed in sub-Sahara Africa (Fry & Keith 2004; Payne 2010). In contrast to 
most brood parasites, Vidua species have relatively benign effects on host fitness and 
display a high degree of host specificity. Included in this genus are the “indigobirds,” a 
group of 10 species in which each member generally parasitizes a single species of 
“firefinch” (genus Lagonosticta). This host specificity is evident through two remarkable 
examples of host mimicry: 1) young indigobirds mimic the elaborate and species-specific 
mouth markings and phenotypes of their hosts, and 2) adult male indigobirds include 
mimicry of host vocalizations in their singing (Nicolai 1964; Payne 1973, 2005). It is 
hypothesized that mimicry of mouth markings is the result of selection pressures imposed 
	  	   ix 
by discriminating foster parents, although experiments have found only modest selection 
against young with atypical phenotypes (Payne et al. 2001; Schuetz 2005). Host song 
mimicry stems from imprinting on the foster parents during development, which has been 
demonstrated through experiments with captive indigobirds (Payne et al. 1998; Payne et 
al. 2000). Furthermore, young females also imprint on host songs, and as adults use these 
songs when choosing among potential mates and nests to parasitize (i.e., females prefer 
mates raised by the same host and to parasitize nests belonging to the same species that 
raised them). 
These remarkable behaviors that result from host mimicry provide indigobirds 
with a mechanism for rapid sympatric speciation via host shifts (Payne 1973; Sorenson et 
al. 2003). If and when females lay their eggs in nests belonging to a novel host species, 
the offspring produced will imprint on a new song and therefore may form a 
reproductively isolated population. This model of “cultural speciation” (Payne 1973) by 
host shift is perhaps the most compelling example of sympatric speciation in vertebrates. 
Switching to a new host requires imperfect host fidelity, however, and these same 
behaviors may also lead to hybridization if females occasionally lay eggs in the nests of 
host species already parasitized by another indigobird species (see Figure 1a in 
Balakrishnan et al. 2009). If the two species of indigobirds are morphologically distinct, 
then such “errors” will result in the production of males with unusual phenotype-host 
mimicry combinations (i.e., males with unexpected phenotypes given their host mimicry, 
or vice versa). Field surveys of male indigobirds suggest that these mismatches are rare. 
Balakrishnan et al. (2009) did not find any in a sample of 184 indigobirds in Cameroon, 
	  	   x 
and Payne et al. (1992) found only four (0.8%) among 494 males observed in southern 
Africa. While these findings are astonishing from an animal behavior perspective (i.e., 
females display remarkable host fidelity), the discovery of males with mismatched 
phenotype-mimicry combinations could indicate appreciable levels of gene flow among 
species from a population genetic perspective. It is therefore unclear if the morphological 
and genetic similarities among indigobirds are due to very recent common ancestry or 
incomplete speciation due to imperfect isolating mechanisms. 
My dissertation research addresses this uncertainty through behavioral, 
morphological, and genomic analyses of species cohesion and population structure within 
and among the four species of indigobirds that occur in the United Republic of Tanzania: 
V. chalybeata, V. codringtoni, V. funerea, and V. purpurascens. A multi-locus coalescent 
analysis revealed that East Africa was colonized by ancestral indigobirds from West 
Africa in the late Pleistocene (Sorenson, unpublished data). This analysis indicates that 
the indigobirds in Tanzania trace back to a founder event/bottleneck, after which there 
was population expansion and the evolution of four lineages associated with different 
host species. Chapter 1 describes a playback experiment that tested the relative roles of 
host mimicry and complex non-mimicry in species recognition by male indigobirds. I 
found evidence that host mimicry is an important cue used in species recognition, which 
has implications for species cohesion when juveniles or adults disperse beyond the limits 
of their non-mimicry dialect neighborhood. I also measured characteristics of “chatter” 
and complex non-mimicry songs (Chapter 2) to test if variation in these vocalizations was 
best explained by species identity (i.e., host association) or sampling locality. The former 
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could be due to divergence among species and/or responses to being raised by different 
hosts, whereas the latter suggests either local hybridization or ecology is shaping these 
vocalizations. I found evidence for both host and local effects, indicating that these 
vocalizations have complex histories that are influenced by multiple factors. Chapter 3 
describes a new approach to restriction site-associated DNA sequencing (RAD-seq) that I 
developed and tested at Boston University. This method, along with assays of 
morphometric and color characters, was used in Chapter 4 to describe population 
structure among species. I found that V. chalybeata was the most distinct species, and 
includes two subspecies with greater levels of divergence than interspecific comparisons 
among the other species. The remaining species are morphologically and genetically 
similar, with subtle differences in color and genomic polymorphisms that may be due to 
assortative mating, geographic barriers, and/or divergence in breeding ecology among 
host species. Chapter 5 is the result of a Doctoral Dissertation Improvement Grant from 
the National Science Foundation, and tests the utility of my “double-digest” RAD-seq 
(ddRAD-seq) protocol in molecular phylogenetics. I found that ddRAD-seq provided a 
wealth of data for phylogenetic analyses, and produced robust estimates of evolutionary 
relationships among species in both Lagonosticta and Vidua. 
Taken together, this research demonstrates that indigobird evolution does not 
follow a simple dichotomy of either isolation or introgression among species, and the 
plausibility of speciation following the colonization of a new host likely depends on a 
variety of factors (see Bush 1969). Indigobirds display “clade-limited colonization” 
(Sorenson et al. 2004), suggesting that colonization is constrained to host species that 
	  	   xii 
produce chicks with mouth markings and begging behaviors that are similar to the 
parental hosts. Within this constraint, however, divergence in nesting ecology between 
the parental and novel hosts may be an important factor in indigobird speciation. My 
results suggest that introgression is more likely between indigobirds that parasitize hosts 
with similar breeding ecologies (i.e., nest habitat preferences and timing of breeding). For 
example, both L. rubricata and L. rhodopareia both breed early in the dry season and 
nest in grass or short shrubs, and their respective parasites (V. funerea and V. 
purpurascens) show minimal morphological and genomic divergence. Conversely, L. 
senegala has a longer breeding season and prefers to nest under the eaves of thatched 
roofs in villages, and its parasite (V. chalybeata) is the most distinct indigobird species. 
Since imprinting on the host during development provides a mechanism for both 
speciation and introgression, such ecological differences among hosts are likely required 
to promote divergence, and hence speciation, following colonization.  
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CHAPTER 1. AN EXPERIMENTAL TEST OF HOST SONG MIMICRY AS A 
SPECIES RECOGNITION CUE AMONG MALE BROOD PARASITIC 
INDIGOBIRDS (VIDUA SPP.) 
 
 
INTRODUCTION 
 
In most birds, highly predictable interactions with parents and siblings allow the reliable 
acquisition of species recognition cues and mate preferences based on associations 
formed during filial (Spalding 1873; Lorenz 1935) and sexual imprinting (Bateson 1966; 
Immelmann 1972). In contrast, obligate brood parasites typically lack the opportunity to 
interact with conspecifics early in life, and have likely evolved alternative mechanisms 
for the development of species recognition (Göth & Hauber 2004). Observations and 
experiments suggest several possibilities, including self-referencing (Graham & 
Middleton 1989; Hauber et al. 2000), innate attraction to conspecific vocalizations 
(Hauber et al. 2001), post-fledging social interactions with conspecific adults (Hahn & 
Fleischer 1995; Soler & Soler 1999; Hauber 2002), and aggressive interactions with 
heterospecific adults (Strausberger & Horning 1998). These mechanisms, which 
encompass both innate and learned behaviors, are not mutually exclusive. For example, 
juvenile Brown-headed Cowbirds (Molothrus ater) are drawn to the cowbird “chatter” 
call, which may serve as an innate “password” for species recognition, allowing juveniles 
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to identify conspecific tutors for subsequent social learning of song and other species 
recognition cues (Hauber et al. 2001). 
 A similar mechanism likely contributes to song learning in the parasitic whydahs 
and indigobirds (Vidua spp.), which are exceptional among brood parasitic birds in that 
early imprinting on heterospecific hosts shapes adult vocal behavior and mating 
preferences. Singing male indigobirds, for example, are well known for mimicking the 
songs and other vocalizations of their respective hosts (Nicolai 1964; Payne 1973; Payne 
et al. 1998). Since each indigobird species generally parasitizes a single estrildid finch 
species, this results in non-overlapping host mimicry repertoires among heterospecific 
indigobird males (Payne 1973). Female indigobirds also imprint on their hosts, as 
evidenced by their preference for mates that mimic their own host species and their 
parasitism of nests belonging to that same host species (Payne et al. 2000). These 
behaviors result in the maintenance of host specificity within indigobird species and of 
pre-mating reproductive isolation among species, while also providing a mechanism for 
rapid speciation by host shift (Sorenson et al. 2003; Sefc et al. 2005).  
Beyond host mimicry, indigobird males also produce “chatter” calls, comprising a 
rapid sequence of broadband notes, and have impressive repertoires of complex non-
mimicry songs that may contribute to species recognition. The chatter calls of individual 
males are variable in overall length and in the duration and spacing of individual notes, 
and different indigobird species are broadly overlapping in these traits (Payne 1973). 
Thus, chatter may serve as a general “password” for the recognition of male indigobirds, 
regardless of species. The vocal repertoires of individual males also include 10-20 
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“complex non-mimicry” songs that are shared among local conspecifics (Payne 1973). 
The degree of overlap in non-mimicry songs between two individuals is negatively 
correlated with distance, resulting in song dialect “neighborhoods” that vary in size 
depending on habitat continuity and the dispersion of male territories across the 
landscape (see Chapter 2). Complex non-mimicry songs are subject to rapid cultural 
evolution, as new songs are introduced through the cultural transmission of novel 
“errors” and/or innovations and the songs of successful males become more common 
(Payne 1985). Importantly, indigobirds associated with different hosts in a given local 
area do not share non-mimetic songs (Payne 1973); males thus copy/learn non-mimetic 
songs only from other males associated with the same host. Delivering a mixture of all 
these repertoire elements (i.e., chatter, host mimicry, complex non-mimicry), singing 
male indigobirds likely signal their identity as an indigobird, their host species, and their 
membership in a local neighborhood. 
 The territorial responses of male indigobirds have been experimentally tested in 
two previous studies. Balakrishnan and Sorenson (2006) measured the response of males 
to playbacks of natural vocal sequences (i.e., five-minute recordings including mimicry, 
chatter, and complex non-mimicry). Males responded strongly only towards playbacks 
from conspecific males associated with the same host species. Playbacks from other local 
males, however, differed in both mimicry and non-mimicry songs, leaving open the 
question of how each contributes to eliciting an aggressive response. In an earlier study, 
Payne (1973) recorded the initial response of singing males to the playback of isolated 
song components. Most focal males flew towards the speaker in response to playback of 
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complex non-mimicry songs, whereas playback of mimicry songs elicited minimal 
response. For both, responses were similar whether the playback was of the same or a 
different indigobird species. This lack of differential response is difficult to reconcile 
with the results of Balakrishnan and Sorenson (2006), but may reflect differences in 
behavior between West African and southern African indigobirds, less extensive 
measurement of male responses by Payne (1973), and/or differences attributable to the 
playback of individual song components as compared to the complex, multi-component 
signal delivered in natural singing. Thus, the relative role of mimicry and non-mimicry in 
indigobird species recognition remains uncertain. 
Resolving this uncertainty is important because dispersing juvenile or adult males 
may encounter conspecifics that sing the same mimicry songs but entirely different 
repertoires of complex non-mimicry. Whether these males recognize each other as 
conspecifics may affect territorial interactions, reproductive success and, in turn, rates of 
gene flow, and thus the genetic cohesion of indigobird species across the landscape. To 
test the relative importance of mimetic and non-mimetic song components in indigobird 
species recognition, I used natural geographic variation in complex non-mimicry to 
design an experiment in which natural song sequences including the same mimetic songs 
combined with either familiar or unfamiliar non-mimetic songs were played back to focal 
males.  
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METHODS 
 
Experimental design 
I exploited natural geographic variation in the non-mimicry repertoires within indigobird 
species to design an experiment testing whether mimetic songs, non-mimetic songs, or 
both are important in indigobird species recognition during male-male competitive 
interactions. The experiment included three treatments with respect to the focal 
individual: sympatric conspecific (SC), allopatric conspecific (AC), and sympatric 
heterospecific (SH). Since male indigobirds typically respond strongly and immediately 
to the playback of their own songs, and display little to no reaction towards playback of 
isolated host mimicry (Payne 1973) or playbacks of the host firefinches (Lagonosticta 
spp.) (DaCosta, personal observation), I did not include a “neutral” non-Vidua control 
treatment. Each treatment involved the playback of natural sequences of indigobird males 
singing (i.e., a mixture of chatter, host mimicry, and complex non-mimicry). Chatter calls 
are broadly similar across species, and therefore did not differ systematically across the 
three treatments. Most indigobird species parasitize a single host species and individual 
males mimic the songs of only one host. The mimicry songs for a given indigobird 
species (or host race) are similar across much larger geographic areas than non-mimicry 
songs, suggesting that there is much less geographic variation in the songs of hosts. 
Therefore, with respect to the focal male, the SH treatment included mimicry of a 
different host while both the SC and AC treatments included mimicry of the focal male’s 
host (Figure 1.1A). Local conspecifics (SC treatment) share most of their complex non-
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mimicry songs, whereas both heterospecifics and allopatric conspecifics (SH and AC 
treatments, respectively) have completely non-overlapping repertoires of complex non-
mimicry (Figure 1.1B). These three treatments thus allowed us to test whether host 
mimicry or complex non-mimicry is more important in species recognition in the context 
of male territorial defense. If host mimicry is a primary cue then I expect similar 
responses to treatments with the same host mimicry (AC = SC > SH). Conversely, if 
complex non-mimicry is a primary cue then I expect similar responses to the two 
treatments with different complex non-mimicry (AC ≠ SC = SH). 
Playback experiments were conducted in a habitat mosaic comprising small 
agricultural fields and sparse miombo woodland west of Peramiho, United Republic of 
Tanzania (10.62°S, 35.37°E) from April 24, 2009 through May 11, 2009. These dates 
were within the breeding season for indigobirds in this region, during which time males 
vigorously defend territories and sing from a conspicuous “call site” at the top of a tree 
(Payne 1973). Territories are defended against all other male indigobirds, and adjacent 
territories may be occupied by either conspecific or heterospecific males. Four indigobird 
species occur near Peramiho (V. chalybeata, V. codringtoni, V. funerea and V. 
purpurascens), but only V. funerea and V. purpurascens are found at relatively high 
density. V. funerea parasitizes African Firefinches (Laganosticta rubricata), and V. 
purpurascens parasitizes Jameson’s Firefinches (L. rhodopareia). In this part of East 
Africa, V. funerea and V. purpurascens adult males are not distinguishable based on 
morphometrics, or coloration of the bill, legs or plumage (DaCosta, personal 
observation), but males are readily differentiated by song, which includes mimicry of the 
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unique songs of their respective hosts. Host switching is rare (<1% in adult males) in 
southern Africa (Payne et al. 1992), and thus individuals were assigned to species based 
on their host mimicry (i.e., host association). Due to the difficulty of identifying and 
reliably locating females, I tested the territorial responses of male indigobirds only. 
Experimental playback tracks were prepared from field recordings collected 
during April-May 2008 and April 2009. Singing male indigobirds were recorded with a 
Marantz PMD660 digital recorder (Marantz, Kew Gardens, New York, USA) and a 
Sennheiser ME66 shotgun microphone (Sennheiser Electronic, Old Lyme, Connecticut, 
USA) from a distance of ~5-10 m for ~20-25 minutes. The program Raven Pro v1.3 
(Charif et al. 2008) was used to create sonograms (Hann windows: size=256 samples, 
hop size=128 samples, grid spacing 188 Hz, 3 db bandwidth=270 Hz) for each recording, 
which were scanned to identify five-minute segments with clear singing and minimal 
background noise from machines, people, or other organisms. Five-minute segments of 
high quality recordings that contained chatter, complex non-mimicry, and host mimicry 
were chosen for experimental playbacks. Playback tracks were further modified in Raven 
Pro by applying a filter to remove low and high frequency background noise (below 200 
kHz and above 14000 kHz, respectively). Sympatric and allopatric playback tracks for 
both V. funerea and V. purpurascens were prepared, and nine unique playbacks were 
prepared for each population to avoid pseudoreplication generated by similar behavioral 
responses to a particular recording (Kroodsma 1989). Sympatric playbacks were made 
from birds recorded near Peramiho, where pairs of conspecific individuals share at least 
50% and up to 100% of their complex non-mimicry songs, depending on distance 
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between call sites (see Chapter 2). Allopatric playbacks of V. funerea were from birds 
recorded southeast of Iringa, Tanzania (7.77°S, 35.70°E; ~320 km N of Peramiho), and 
allopatric playbacks for V. purpurascens were from birds recorded north of Mikumi, 
Tanzania (7.38°S, 36.97°E; ~400 km NNE of Peramiho). Playback tracks contained an 
average of 80.3 vocalizations (range = 56-109), and were comprised mostly of complex 
non-mimicry (mean = 68.6%), followed by host mimicry (mean = 22.0%) and chatter 
(mean = 8.4%), respectively. Note, however, that complex non-mimicry songs often 
contain host mimicry and/or introductory chatter syllables. Playback tracks for the two 
species did not differ in the total number of vocalizations or the number of each 
vocalization type (analysis of variance, P > 0.05). 
Eighteen males (nine each of V. funerea and V. purpurascens) were subjected to 
each of the three experimental treatments (total trials = 54). Each focal male was present 
at his call site for at least two days prior to the first trial, which ensured that experimental 
males were occupying and defending a call site. As in Balakrishnan and Sorenson (2006), 
the order of each playback treatment was systematically shuffled among individuals to 
control for possible habituation across trials. All trials were conducted between 0800 and 
1100 h, and successive trials for the same individual were separated by at least three days 
(mean = 3.5, range = 3-5). 
 For each trial, a taxidermic mount and RadioShack 277-1008 speaker 
(RadioShack, Fort Worth, Texas, USA) were placed ~10-20 m from the call site of the 
focal male in short vegetation with several branches suitable for perching in close 
proximity. Male territory holders regularly chase intruders that approach to within ~60 m 
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of their call site (Payne 1973), so the position of the speaker and mount was within the 
area defended by the focal individual. To control for visual stimuli associated with the 
taxidermic mount, a single male V. chalybeata centralis specimen collected near Iringa, 
Tanzania was used in all trials. This subspecies does not occur at Peramiho and has a 
phenotype (red-orange legs, plumage with green sheen) that is different from the two 
focal species (pale legs, plumage with blue sheen). Presentation of the mount without 
playback did not elicit any noticeable behavioral responses (DaCosta, personal 
observation), consistent with a previous study (Balakrishnan & Sorenson 2006). The 
speaker was connected to an Apple iPod mp3 player (Apple, Cupertino, California, USA) 
with ~7 m audio cable. This long cable allowed observers to be at a good distance from 
the speaker before starting the trial; observers increased their distance from the speaker 
an additional ~5-10 m after starting the playback track. Playbacks were started only when 
the focal male was present at the call site and engaging in normal singing activity (i.e., 
consistently singing all three song elements). The amplitude of playbacks was calibrated 
by ear to be comparable to that of natural singing. Each trial lasted five minutes, during 
which time one or two observers measured the following behavioral responses: time to 
the first vocalization or hop/flight toward the speaker (latency of response), number of 
flights toward the speaker (flights), number of hops toward the speaker (hops), time 
before moving within 1 m of the speaker/mount (latency close), time spent within 1 m of 
the speaker/mount (duration close), number of chatter calls (chatter), number of host 
mimicry songs/calls (mimicry), time spent engaging in normal courtship singing behavior 
(singing), and time spent absent (out of sight, generally >20 m away) from the area 
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(absent). All time measurements were recorded in units of seconds. Observations were 
recorded verbally during the trial using a digital audio recorder so that visual contact with 
the focal male could be maintained throughout the trial; these observations were then 
transcribed and quantified later during the same day. 
 
Statistical analyses 
Preliminary inspection of the data revealed many zeros in the matrix, and the 
distributions for all variables failed the Shapiro-Wilk normality test (Shapiro and Wilk 
1965) using the shapiro.test function in R v2.10.0 (R Core Team 2012), even after 
logarithmic transformations. As such data are inappropriate for parametric methods such 
as analysis of variance and principal components analysis, I analyzed the data with non-
parametric factorial tests based on rank transformations of the data (Brunner & Puri 
2001; Shah & Madden 2004) in SAS v8.02 (SAS Institute, Inc.). Analyses were 
conducted using the proc mixed function following the guidelines provided in the 
appendix to Shah and Madden (2004). Rather than testing the hypothesis of equal means 
among groups, the analysis tests for equal distributions of ordinal data among groups. 
The method does not require that the input data be normally distributed, and computes an 
ANOVA-type statistic which has an approximate F distribution. Data for each behavioral 
variable were rank transformed using the proc rank function, and then tested with a 
separate, unstructured covariance matrix fit for each species. Focal species (V. funerea or 
V. purpurascens), treatment (AC, SC, or SH playback), and a species*treatment 
interaction were included as fixed effects, and individual focal bird nested within species 
	  	  
11 
was added as a repeated effect. Preliminary tests that included trial order (first, second, or 
third for each focal bird) as a fixed effect showed that order of playback treatments did 
not significantly explain variation in behaviors, and so this effect was not included in 
final analyses. For tests that returned significant effects, the Tukey-Kramer post-hoc test 
(Tukey 1953; Kramer 1956) was used to determine which comparisons were significant. I 
controlled for the false discovery rate associated with multiple hypothesis testing by 
transforming P values into Q values using the p.adjust function in R and the method of 
Benjamini and Hochberg (1995). 
 
RESULTS 
 
In all trials, the focal male immediately stopped singing when the playback started. Since 
this response was consistent across all trials, the time of the first vocalization or 
movement toward the speaker was recorded as the latency of response. Regardless of the 
treatment, the most common first response was a short flight to a lower branch of the call 
site tree. Although individuals varied in their behaviors toward playbacks, most trials 
included repeated flights toward and then past the mount/speaker, short flights and/or 
hops toward the speaker, and chatter calls. Focal males came within 1 m of the 
mount/speaker in 28 trials (52%), and subsequently investigated the mount with short 
hops and flights. In seven trials (13%), the focal male attacked the mount by perching on 
and/or pecking it. In both conspecific and heterospecific treatments, focal males spent 
	  	  
12 
little or no time engaged in natural courtship singing, and left their territories only on rare 
occasions when chasing away another intruding male.  
Non-parametric summary statistics and results from analyses based on rank 
transformations are summarized in Tables 1.1 and 1.2, respectively. There was a 
significant treatment effect for three behavioral response variables, and in each case focal 
males responded differentially towards the SH playback as compared to the AC and SC 
playbacks, responses to which did not differ (Figure 1.2). Males responded significantly 
faster in SH trials than in AC and SC trials (non-parametric rank-based test, F2, 23.5 = 
10.48, Q value = 0.02). The other significant treatment effects were: 1) males hopped 
toward the speaker more often in AC and SC trials than in SH trials (non-parametric 
rank-based test, F2, 23.8 = 7.00, Q value = 0.03), and 2) males gave more chatter calls in 
SH trials than in AC and SC trials (non-parametric rank-based test, F2, 14.9 = 8.14, Q value 
= 0.03). For duration close, there was a significant species*treatment effect, wherein time 
spent close to the speaker/mount was higher in SC than in either AC or SH trials, but only 
for V. funerea focal males (non-parametric rank-based test, F2, 13.5 = 9.62, Q value = 
0.03). In addition to this species*treatment effect, there was weak evidence that the two 
species exhibited differential responses for other behaviors. In each case, the uncorrected 
P value for the test was less than 0.05, but was after the false discovery rate correction 
the Q value was greater than or equal to 0.05. Vidua funerea males had lower latency 
close times (non-parametric rank-based test, F1, 9.57 = 9.07, P = 0.01, Q = 0.05), more 
flights (non-parametric rank-based test, F1, 16.7 = 5.38, P = 0.03, Q = 0.14), and spent less 
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time absent (non-parametric rank-based test, F1, 14.7 = 4.89, P = 0.04, Q = 0.15) as 
compared to V. purpurascens males. 
 
DISCUSSION 
 
I tested the relative roles of mimetic and non-mimetic songs in indigobird species 
recognition by measuring the response of males to playbacks of conspecific males that 
mimicked the same host and either shared (SC treatment) or did not share (AC treatment) 
complex non-mimicry songs. In all three significant treatment effects (i.e., hops, latency 
of response, and chatter), the response of focal males differed between heterospecific 
(SH) and conspecific (AC and SC) playbacks. These results support the hypothesis that 
host mimicry is an important cue for species recognition by male indigobirds engaged in 
territorial defense, and add further evidence that imprinting on host vocalizations during 
development plays an important role in the social behavior of these birds. Although I did 
not find evidence that males use complex non-mimicry for species recognition, these 
songs may be important in other social interactions (e.g., advertising individual quality or 
social status) both within and between sexes (Payne 1979). 
 Significant treatment effects were found for three of the nine behaviors recorded: 
hops, chatter, and latency of response (Table 1.2, Figure 1.2). Males hopped toward the 
speaker significantly more often in both conspecific treatments (Table 1.1, Figure 1.2A). 
While many birds repeatedly flew toward, but then past the speaker, hops were shorter 
movements in which the focal male almost always moved in the direction of the 
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playback. Balakrishnan and Sorenson (2006) also found that focal males hopped toward 
the speaker more often during playbacks of males from the same population as compared 
to playbacks from a different species/host race. Perhaps counter intuitively, focal males 
gave significantly more chatter calls in response to playback of heterospecific males (SH) 
than in either of the conspecific treatments (Figure 1.2C). Behavioral observations 
suggest that chatter calls are used during both aggression and general broadcasting of 
territory ownership (Payne 1973, 1979). Chatter is the most common call given upon 
returning to a call site (Payne 1979); in this study, males responding to heterospecific 
playbacks may have used chatter to generally advertise territory ownership particularly 
when returning to their call sites rather than as a means of directing aggression 
specifically towards the playback. Similarly, I found that latency to first response was 
shorter in the heterospecific (SH) than in conspecific treatments (AC and SC) (Figure 
1.2B), which might also be interpreted as evidence of a more intense reaction towards 
heterospecifics. Balakrishnan and Sorenson (2006) noted that heterospecific playbacks 
“elicited either no response or a rapid, but short lived approach,” such that latency to 
initial response may not be a reliable indicator of overall aggression. Regardless of how 
these three behaviors are interpreted, similar responses in the two conspecific treatments, 
which shared the same host mimicry, support the hypothesis that host mimicry is 
important in species recognition.  
In a previous indigobird playback experiment in Cameroon (Balakrishnan and 
Sorenson 2006), differential behavior towards conspecific versus heterospecific 
playbacks was much more pronounced than in this study. Focal males in Cameroon 
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clearly had weaker reactions to heterospecific playbacks, whereas males in Tanzania 
often reacted strongly to both conspecific and heterospecific playbacks (Table 1.1). 
Greater evolutionary divergence among West African indigobird species (Sorenson et al. 
2003) does not explain this difference, as the degree of morphological and genetic 
divergence between the V. camerunensis host races tested in Cameroon is similar to that 
between V. funerea and V. purpurascens in Tanzania (Payne 1996; Payne et al. 2005; see 
Chapter 4). Stronger responses towards heterospecific playbacks in Tanzania might 
reflect greater interspecific competition for mating opportunities if females in southern 
Africa are generally less discriminating. Alternatively, indigobirds in both regions might 
have similar patterns of seasonal variation in territorial behavior, but differences in the 
timing of the two studies with respect to the local breeding season generated a difference 
in the observed intensity of interspecific territoriality. 
Species differences for some behaviors suggest that V. funerea was generally 
more aggressive than V. purpurascens (Tables 1.1-1.2). Although both species were 
actively defending territories and attracting mates during the experiment, it is possible 
that their respective hosts, and hence the indigobird parasites, were at different points in 
their breeding season. Indeed, asynchrony in breeding seasons is hypothesized to play a 
role in reducing gene flow among indigobird species (Payne 1973), in a manner 
comparable to phytophagous insects that speciate via host shifts (Bush 1969; Tilmon 
2008). 
 In all behaviors that were significantly different among treatments, focal males 
responded differentially toward the heterospecific playback as compared to both 
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conspecific playbacks (AC = SC ≠ SH). As the two conspecific playbacks featured 
different complex non-mimicry combined with the same host mimicry, these results 
provide evidence that host mimicry is an important cue for indigobird species 
recognition. This finding has potentially important implications for understanding 
indigobird population structure. Payne (1973) observed juveniles visiting the call sites of 
adult V. chalybeata, and hypothesized that 1) these were V. chalybeata juveniles drawn to 
adults mimicking their foster species; 2) these adults serve as tutors for learning complex 
non-mimicry, thus preserving generational continuity of complex non-mimicry dialects 
within species; and 3) these behaviors are likely general to all indigobird species. 
Because conspecific adults mimic the same host, and host mimicry is important in species 
recognition, juveniles should be able to correctly identify conspecific tutors whether they 
disperse within or beyond the geographic range of their natal non-mimicry dialect. Adult 
indigobird males sometimes disperse outside of their dialect neighborhood and 
subsequently replace their complex non-mimicry songs with those of conspecifics in the 
new neighborhood (Payne 1985); this open-ended song learning is an unusual trait in 
songbirds (Catchpole & Slater 2008; but see Beecher & Brenowitz 2005). Given that all 
indigobird species in the new location will be singing unfamiliar non-mimicry songs, 
these males likely use host mimicry to identify conspecific tutors for the acquisition of a 
new repertoire of non-mimicry songs. Thus, species recognition based on host mimicry 
may be an important mechanism allowing dispersing juvenile and adult indigobirds to 
acquire “appropriate” repertoires of complex non-mimicry songs and may help to 
increase the “cohesion” of indigobird species across space and time. 
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 A variety of mechanisms have been proposed for the acquisition of species 
recognition in obligate brood parasites, which generally lack reliable interactions with 
conspecifics during development (Göth & Hauber 2004). This study provides evidence 
that imprinting on heterospecific hosts during development, and subsequently mimicking 
host vocalizations, is an important component of species recognition in male indigobirds. 
Since other Vidua (i.e., whydahs and paradise-whydahs) also mimic the vocalizations of 
their heterospecific hosts, this mechanism for the acquisition of species recognition may 
be widespread in the genus. My study thus expands the suite of adult indigobird 
behaviors that are shaped by host imprinting during development and enhances our 
understanding of species recognition pathways in brood parasitic birds. 
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Table 1.1. Nonparametric summary statistics [median (1st quartile, 3rd quartile)] of 
behaviors measured during each playback treatment. 
 Treatment 
Focal species 
   Behavioral variable* 
Allopatric 
conspecific (AC) 
Sympatric 
conspecific (SC) 
Sympatric 
heterospecific (SH) 
Vidua funerea    
    Hops 7 (5, 15) 9 (4, 12) 4 (4, 7) 
    Latency response 31 (10, 41) 12 (5, 51) 10 (9, 18) 
    Chatter 6 (0, 17) 4 (1, 17) 16 (9, 21) 
    Duration close 14 (0, 93) 66 (0, 74) 8 (3, 87) 
    Latency close 84 (67, 300) 125 (64, 300) 126 (39, 224) 
    Flights 11 (6, 18) 12 (5, 13) 13 (8, 16) 
    Absent 0 (0, 0) 0 (0, 0) 0 (0, 12) 
   Mimicry 0 (0, 0) 0 (0, 2) 0 (0, 1) 
   Singing 0 (0, 0) 0 (0, 2) 0 (0, 1) 
V. purpurascens    
   Hops 6 (4, 9) 9 (4, 13) 3 (0, 6) 
   Latency response 33 (21, 49) 23 (14, 31) 12 (10, 22) 
   Chatter 7 (1, 8) 2 (0, 7) 7 (5, 16) 
   Duration close 0 (0, 24) 0 (0, 101) 0 (0, 3) 
   Latency close 300 (243, 300) 300 (182, 300) 300 (227, 300) 
   Flights 7 (5, 13) 6 (4, 11) 6 (0, 10) 
   Absent 0 (0, 60) 0 (0, 28) 0 (0, 31) 
   Mimicry 0 (0, 1) 0 (0, 0) 0 (0, 0) 
   Singing 0 (0, 0) 0 (0, 0) 0 (0, 128) 
*Latency response, latency close, duration close, and absent are measured in seconds 
(trial time = 300 sec). Flights, hops, chatter, and mimicry are expressed as simple counts. 
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Table 1.2. Summary of results for non-parametric analyses based on rank 
transformations for each behavioral variable. 
Variable Effect df F Q value Tukey-Kramer post-hoc result 
Hops Species 1, 12.5 1.66 0.46  
 Treatment 2, 23.8 7.00 0.03 SH less than AC and SC 
 Species*Treatment 2, 23.8 1.18 0.50  
Latency of response Species 1, 9.77 1.53 0.47  
 Treatment 2, 23.5 10.48 0.02 SH faster than AC and SC 
 Species*Treatment 2, 23.5 0.11 0.89  
Chatter calls Species 1, 10 0.28 0.75  
 Treatment 2, 14.9 8.14 0.03 SH greater than AC and SC 
 Species*Treatment 2, 14.9 0.46 0.75  
Duration close Species 1, 9.39 4.62 0.20  
 Treatment 2, 13.5 0.68 0.67  
 Species*Treatment 2, 13.5 9.62 0.03 SC higher than AC and SH (funerea) 
Latency close Species 1, 9.57 9.07 0.05† funerea faster than purpurascens 
 Treatment 2, 1.56 1.72 0.57  
 Species*Treatment 2, 1.56 2.40 0.50  
Flights Species 1, 16.7 5.38 0.14† funerea greater than purpurascens 
 Treatment 2, 24.5 0.13 0.89  
 Species*Treatment 2, 24.5 0.82 0.61  
Absent Species 1, 14.7 4.89 0.15† funerea less than purpurascens 
 Treatment 2, 15.7 0.35 0.80  
 Species*Treatment 2, 15.7 1.41 0.47  
Mimicry calls Species 1, 10.3 1.28 0.47  
 Treatment 2, 31.6 1.80 0.43  
 Species*Treatment 2, 31.6 1.78 0.43  
Singing Species 1, 2.99 0.08 0.86  
 Treatment 2, 3.7 3.65 0.35  
 Species*Treatment 2, 3.7 3.63 0.35  
Q values less than 0.05 are in bold. AC: allopatric conspecific; SC: sympatric 
conspecific; SH: sympatric heterospecific. 
† P value below 0.05 before false discovery rate correction. 
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Figure 1.1. Representative sonograms illustrating the degree of similarity in (A) host 
mimicry and (B) complex non-mimicry between the repertoires of focal males and 
experimental playbacks. 
In this example, the focal male is a Vidua purpurascens, and each column shows songs 
recorded from a different individual male. Note that both sympatric and allopatric 
conspecifics share mimicry songs with the focal male, but only sympatric conspecifics 
share complex non-mimicry songs. Allopatric conspecifics have the same host mimicry 
as the focal male, but completely non-overlapping complex non-mimicry songs. 
Likewise, heterospecific males have completely different complex non-mimicry songs 
with respect to the focal male. Note that only a subset of each male’s song repertoire is 
shown in this figure. 
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Figure 1.2. Box plots of raw (white) 
and rank-transformed (grey) data for 
behavioral responses with significant 
treatment effects in non-parametric 
rank-based tests: (A) hops, (B) latency 
of response, and (C) chatter calls. 
Lowercase letters above box plots of 
rank-transformed data indicate 
categories with statically significant 
differences; AC: allopatric conspecific; 
SC: sympatric conspecific; SH: 
sympatric heterospecific. 
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CHAPTER 2. INTERSPECIFIC AND GEOGRAPHIC VARIATION IN 
INDIGOBIRD “CHATTER” AND NON-MIMICRY SONGS IN TANZANIA 
 
 
INTRODUCTION 
 
Songbirds (suborder Passeri) comprise a radiation of ca. 4000 species with a remarkable 
diversity of morphological, ecological, and behavioral traits. As their name implies, 
songbirds are best known for their impressive diversity of songs, which are acquired 
through imitation during development (age-limited learners) or throughout their lifespan 
(open-ended learners). Songbirds vary widely in both the size of vocal repertoires and the 
frequency and temporal traits of song elements. Sexual selection is often hypothesized as 
the driver of increasing repertoire size (Eens et al. 1991; MacDougall-Shackleton 1997; 
but see Byers & Kroodsma 2009), whereas song traits (e.g., length and number of notes, 
frequency, modulation) can be shaped by numerous, non-mutually exclusive factors, 
including selection for optimal transmission through the environment (Morton 1975; 
Nottebohm 1985; Badyaev & Leaf 1997), diversifying selection to enhance species 
recognition (Miller 1982; Seddon 2005), and as a by-product of selection on 
morphological traits (Podos 2001; Huber & Podos 2006). Adding to the diversity of 
songbird vocalizations, many species display geographic variation in songs. If there are 
relatively sharp boundaries among populations with different song characteristics, these 
populations are recognized as having different dialects (Marler & Tamura 1962). The 
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formation, evolution and maintenance of dialects can be shaped by selection on the songs 
themselves, the indirect effects of other evolutionary processes, and/or cultural evolution 
and drift, which depend on both the learning and dispersal characteristics of the species 
(Slabbekoorn & Smith 2002; Podos & Warren 2007).  
Indigobirds (Vidua spp.) are obligate brood parasites that famously acquire part of 
their repertoire through imprinting on their host species. Most indigobird species 
parasitizes a single estrildid finch species, most often a Lagonosticta firefinch, which 
have small repertoires of ca. 5-10 songs, alarm calls, and begging calls (Payne 1973). 
Indigobirds imprint on these songs and calls during development, and adult males 
incorporate mimicry of host vocalizations into their singing (Nicolai 1964; Payne 1973; 
Payne et al. 1998). Host mimicry therefore advertises the identity of a male’s host, and is 
an important cue for females in both mate choice and the selection of host nests to 
parasitize (Payne et al. 2000). These behaviors result in pre-mating reproductive isolation 
among indigobirds associated with different host species, with important implications for 
speciation and host-specific adaptation (Payne 1973; Sorenson & Payne 2000; Sorenson 
et al. 2003).  
Less well known but also fascinating are the non-mimetic components of 
indigobird vocal behavior. While indigobird species are distinguished by unique host 
mimicry, all species produce similar “chatter” calls comprising rapid sequences of 
broadband notes (Payne 1973). These chatter calls may serve therefore as a general 
“password” for the recognition of male indigobirds (sensu Hauber et al. 2001). In 
addition, the song repertoires of male indigobirds include ca. 10-20 distinct complex non-
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mimicry songs (Payne 1973), each comprising a series of notes delivered in a highly 
consistent manner. Young male indigobirds apparently learn these songs by associating 
with conspecific adults after leaving the care of their hosts. Multiple indigobird species 
may occur at a given locality, and juveniles presumably discriminate conspecific from 
heterospecific adults based on their mimicry of different hosts (i.e., juveniles choose 
tutors that mimic the same species that raised them). Neighboring males share broadly 
overlapping repertoires of complex non-mimicry songs, but there is a complete turnover 
of songs across the landscape, resulting in dialect “neighborhoods” (Payne 1973, 1985, 
1987). However, the size of dialect neighborhoods, and possible interspecific variation in 
neighborhood size, has not been well studied. The songs within a dialect neighborhood 
evolve over time, with new songs introduced by errors and/or innovation and spread 
between males through cultural transmission. Also, indigobirds are open-ended song 
learners, such that the complex non-mimicry repertoires of individual males also change 
over time. Adult males have been observed copying the songs of neighbors that are 
frequently visited by females, and acquiring a completely new repertoire after dispersing 
outside of its original dialect neighborhood (Payne 1985). Crucially, sympatric indigobird 
species and host races have entirely non-overlapping repertoires of complex non-mimicry 
songs, indicating that males learn only from other males associated with the same host, 
and thus dispersing males acquire songs from conspecific males and subsequently attract 
conspecific mates. 
The multifaceted vocal repertoire of each male indigobird thus contains three 
elements (i.e., host mimicry, chatter, and complex non-mimicry) that together convey its 
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identity as an indigobird, its host association, and its membership in a local dialect 
neighborhood. While differences in song among species are potentially attributable to 
purely phenotypic/developmental processes, it is important to note that indigobird species 
have evolved differences in adult male plumage and soft parts colors and in the mimetic 
mouth markings of nestlings (Payne 1973; Sorenson et al. 2003; Payne 2005), traits that 
clearly have a genetic basis. Thus, I hypothesized that indigobird species might also vary 
in general features of chatter and/or non-mimicry song (e.g., temporal and/or frequency 
traits) even though specific songs (i.e., unique sequences of notes) are not shared among 
allopatric populations of the same species. To date, there has been limited analysis of 
variation among species in chatter calls or in the general characteristics of complex non-
mimicry songs. Payne (1973) measured the length of chatter calls and periodicity of 
chatter syllables in five species (1-8 localities per species), and found that all species 
occupy the same range of variation. Payne (1973) also measured the length, number of 
syllables, maximum frequency, and minimum frequency of complex non-mimicry songs 
in three species (3 localities per species), and similarly concluded that these measures are 
similar among species. These measurements were not evaluated statistically, however, 
and a more rigorous analysis could provide insight into indigobird population structure 
and evolutionary history. 
To further investigate the evolution of indigobird non-mimetic vocalizations and 
their potential role in population structure, I used modern methods to analyze intra- and 
interspecific variation in the chatter and non-mimicry songs of four indigobirds species. 
Sampling several individuals per population per species allowed more precise 
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measurements of non-mimicry song dialect neighborhood size compared to previous 
studies, and revealed substantial variation among both species and study sites. This 
sampling scheme also allowed for testing if species identity (i.e., host association) or 
sampling locality better explained variation in chatter and non-mimicry song traits. If 
species identity better explains variation in these traits then they may be either under 
divergent selection or shaped by plastic responses to different developmental 
environments (i.e., due to being raised by different host species). Conversely, if locality is 
the best predictor of vocal characteristics then local adaptation and/or phenotypic 
plasticity to local ecology may affect all species similarly. Results find support for both 
scenarios, and show that the evolution of non-mimetic vocalizations is a complex and 
dynamic process. 
 
METHODS 
 
Study sites and sampling 
Fieldwork was conducted in the United Republic of Tanzania during April and May of 
2008 and 2009. Four species of indigobirds occur in Tanzania (Vidua chalybeata, V. 
codringtoni, V. funerea, and V. purpurascens), with two morphologically distinct 
subspecies of V. chalybeata distributed in the interior central plateau (V. c. centralis) and 
“coastal” lowland (V. c. amauropteryx) regions (Payne et al. 1992). Singing male 
indigobirds (n = 114) were recorded for ca. 20 minutes and then captured using song 
playback at sites within three political regions: Iringa, Morogoro, and Ruvuma (Table 
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2.1). Standard morphological measurements (see below) were taken for each male. Vidua 
funerea and V. purpurascens cannot be reliably discriminated based on appearance in this 
part of East Africa, but males of all species can be differentiated by their mimicry of the 
unique songs of their respective hosts. Therefore, individual males were assigned to 
species based on their host mimicry (i.e., host association). 
 
Complex non-mimicry repertoire sharing 
Generally, the extent of overlap in complex non-mimicry repertoires between conspecific 
males is negatively correlated with the geographic distance between their call sites 
(Payne 1973, 1985), but this trend has been quantified only for V. chalybeata (Payne 
1973). I tested for this relationship by correlating geographic distance and repertoire 
sharing between all pairs of conspecifics within each political region. The latitude-
longitude of each call site was recorded with a Garmin eTrex global positioning system 
(GPS), and the geographic distances among call sites were calculated using the earth.dist 
function (fossil package) in R v2.15 (R Core Team 2012). Song recordings for all 
individuals were visualized using Raven Pro v1.3 (Charif et al. 2008), and the first 100 
complex non-mimicry songs were assigned to a song type (song type 1, 2, 3, etc.) based 
on syllable order and composition. This sample size is adequate to detect all or most of 
the songs in an individual’s repertoire (Payne 1973; DaCosta, personal observation). 
Songs of nearly identical composition but with minor differences (e.g., different number 
of introductory chatters or subtraction of a terminal note) were assigned to the same song 
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type. Within each region, the similarity of complex non-mimicry repertoires for each pair 
of conspecifics was quantified using the Jaccard index (Jaccard 1901): 
𝐽!" =    𝑆!"𝑅! + 𝑅! − 𝑆!"   , 
where Jij is the Jaccard index (range 0-1) for individuals i and j, Sij is the number of 
shared song types, and Ri and Rj is the repertoire size of i and j, respectively. 
 
Complex non-mimicry song and chatter call measurements 
Complex non-mimicry songs were visualized and measured in Raven Pro. The first 100 
complex non-mimicry songs recorded from each individual were assigned to a song type 
based on syllable composition (see above). The repertoire size of each male was 
calculated as the number of song types observed in this sample. The repertoire diversity 
of each male was quantified using the Shannon-Wiener index (Shannon 1948; Wiener 
1948): 𝐻! =   − 𝑝! ln𝑝!!!!!   , 
where s is the number of song types and pi is the proportion of the ith song type in the 
sample. I subsampled 25 complex non-mimicry songs (every fourth song) for analyses of 
song characteristics, and applied a filter to remove low and high frequency background 
noise (below 500 and above 12000 kHz, respectively). Introductory chatter notes often 
precede complex non-mimicry songs, and were included in song measurements only if 
they were found in every occurrence of a particular song type. For each song in the 
subsample, I measured center frequency (the frequency that divides the song into two 
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intervals of equal energy), maximum frequency (the frequency of highest energy), overall 
song length (in seconds), number of syllables, and pace (number of syllables per second). 
Some of these variables were highly correlated, and I thus collapsed variables using two 
principal component analyses (PCAs). The first was a “frequency PCA,” in which two 
variables (center frequency and maximum frequency) were collapsed. The second PCA 
(“tempo PCA”) collapsed the three variables related to the tempo/rate of songs: song 
length, number of syllables, and pace. 
Chatter calls were also measured using Raven Pro with the same filter to remove 
background noise. The following characteristics from the first five chatter calls of each 
male were measured: center frequency, maximum frequency, length, number of chatter 
notes, and pace. These variables were collapsed into a frequency PCA and chatter PCA as 
described above. 
 
Body size, bill size, and call site elevation measurements 
The size and shape of a bird’s body and bill affect its production of sound, and the 
evolution of these morphological traits can impose constraints on the frequency and pace 
of notes (Ryan & Brenowitz 1985; Podos 2001; Bertelli & Tubaro 2002; Huber & Podos 
2006; Gillooly & Ophir 2010). Body size may also be a sexually selected trait that 
indicates individual quality (Andersson & Iwasa 1996), and is positively correlated with 
repertoire size in some birds (Kipper et al. 2006; Hesler et al. 2012). I therefore measured 
body and bill size attributes of each individual and tested whether morphology is 
correlated with repertoire size or other song characteristics. For body size, I measured 
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mass, wing length, tail length, and tarsus length, and collapsed these correlated 
measurements into a single variable using PCA. Likewise, I collapsed bill length, width 
and depth measurements into a single variable. 
 Song characteristics may also vary with habitat, with signals optimized for 
transmission in the local acoustic environment (Morton 1975; Nottebohm 1985; Badyaev 
& Leaf 1997). I did not measure structural aspects of the habitat at each territory, but did 
record the elevation above sea level for each call site using a GPS. Elevation, which is 
correlated with numerous environmental variables in Tanzania, including temperature 
and precipitation (Table 2.2), was used as a proxy for ecological differences among 
regions. I tested for a correlation between elevation and the characteristics of chatter and 
complex non-mimicry songs to determine if local ecology plays a role in shaping the 
vocalizations of indigobirds. 
 
Statistical analyses 
All statistical tests were conducted in either R or SAS v9.3 (SAS Institute, Inc.). I 
controlled the false discovery rate associated with multiple hypothesis testing by 
adjusting P values into Q values for all tests using the method of Benjamini and 
Hochberg (1995). Within each species and sampling region, I tested for a correlation 
between pairwise measurements of geographic distance between call sites and song 
sharing (Jaccard index) and by fitting linear regression models in R (lm function). The 
significance of these regressions was quantified using a Mantel test (Mantel 1967) with 
1000 permutations of the data in R (mantel function). PCAs to condense correlated song 
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and morphometric variables were run with scaled variances for variables (scale=TRUE) 
in R (prcomp function). I tested whether species identity or locality explained a greater 
proportion of the variation in repertoire size and diversity with two-way analysis of 
variance (ANOVA) in R (aov function). Models were run with repertoire size or diversity 
as the response variable, and species and region as fixed factors. The Tukey-Kramer post-
hoc test (Tukey 1953; Kramer 1956) was used to assess the significance of comparisons 
within each fixed factor (TukeyHSD function). Because analyses of chatter and complex 
non-mimicry characteristics used multiple measurements for each individual, I ran 
mixed-model ANOVAs in SAS (Proc Mixed function) with PC1 scores as the response 
variable, species and region as fixed factors, and each individual as a random factor. 
Finally, I ran linear regression models in R (lm function) to test for significant 
correlations between vocal attributes (i.e., repertoire size, repertoire diversity, PC1 for 
frequency and PC1 for tempo) and morphology or elevation. 
 
RESULTS 
 
In pairwise comparisons of conspecifics within each region, sharing of complex non-
mimicry songs was negatively correlated with the geographic distance between call sites 
(Figure 2.1). In Iringa and Morogoro, most conspecific males that were >5 km apart had 
completely different repertoires (i.e., Jaccard index = 0) and were thus members of 
different dialect neighborhoods. An exception is that in Iringa there was a single V. 
chalybeata individual that did not share any songs with nearby males, resulting in Jaccard 
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indices of zero for multiple pairwise comparisons for distances <7 km (Figure 2.1a). Both 
V. funerea and V. purpurascens had large dialect neighborhoods in Ruvuma, with 
conspecific males 15-20 km apart often sharing over 50% of their complex non-mimicry 
repertoires (Figures 2.1c, 2.1d). In contrast, V. codringtoni had smaller neighborhoods in 
Ruvuma, with males separated by over 7 km not sharing any songs. 
 Species identity was a significant predictor of both complex non-mimicry 
repertoire size and diversity, whereas sampling region was not a significant predictor of 
these response variables (Table 2.3). Vidua purpurascens had significantly smaller and 
less diverse repertoires as compared to the other three species; V. chalybeata and V. 
codringtoni had the largest and most diverse repertoires (Figure 2.2). Neither body size 
nor bill size were significant predictors of repertoire size or diversity (linear regression, Q 
> 0.05). 
 The first component of the frequency PCAs explained 78% and 72% of the 
variance in complex non-mimicry songs and chatter calls, respectively. PC1 of both 
PCAs had positive loadings for center and maximum frequencies. For both complex non-
mimicry songs and chatter calls, sampling region explained more variation in song/call 
frequency than species identity (Table 2.3). Males in Morogoro produced both complex 
non-mimicry songs and chatter calls with significantly higher frequencies than males in 
Iringa and Ruvuma (Figures 2.3a-b). These regional differences may be due to a 
correlation between frequency and elevation, which was significant for both chatter calls 
and non-mimicry songs (Figures 2.3c-d). Chatter frequency was also negatively 
correlated with body size (Figure 2.3e-f), but this relationship was only significant for 
	  	  
33 
complex non-mimicry songs (Figure 2.3b). Bill size was not significantly correlated with 
the frequency of either vocalization (linear regress, Q > 0.05).  
 The first principal component of the tempo PCA for complex non-mimicry songs 
explained 70% of the variance in song length, number of syllables and pace, with positive 
loadings for each variable. The tempo of complex non-mimicry songs did not differ 
among sampling regions, but did differ among species (Table 2.3). In a pattern that 
mirrored repertoire size and diversity (see above), V. chalybeata and V. codringtoni had 
lower tempo scores whereas V. purpurascens had the highest scores (Figure 2.4a). For 
chatter calls, PC1 for tempo variables explained 66% of the variance, with positive 
loadings for length and number of chatter notes and a slightly negative loading for pace. 
Neither species identity nor sampling region significantly explained variation in the 
tempo of chatter calls (Table 2.3, Figure 2.4b). Body size, bill size, and elevation were 
not significantly correlated with the tempo of either complex non-mimicry songs or 
chatter (linear regression, Q > 0.05). 
 
DISCUSSION 
 
While previous work discovered that indigobird species have complex non-mimicry 
dialect neighborhoods (Payne 1973, 1985, 1987), the sizes of these neighborhoods have 
been only coarsely measured. Results show that the size of these neighborhoods vary 
considerably among species and localities. The among species variation is best seen in 
Ruvuma, where V. codringtoni, V. funerea, and V. purpurascens were all sampled over 
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distances of 15+ km. Vidua funerea and V. purpurascens both occurred at relatively high 
density in the Ruvuma region, where their respective host species appear to be more 
evenly dispersed across the landscape than in other regions (DaCosta, personal 
observation). This presumably leads to higher connectivity among male indigobird 
territories within these species, and resulted in conspecific males >15 km apart still 
sharing at least half of their songs. Conversely, V. codringtoni males establish territories 
adjacent to riparian thickets, which provide the preferred nesting habitat of their host 
(Hypargos niveoguttatus), and are unevenly dispersed in the region. This results in lower 
connectivity among V. codringtoni call sites and smaller dialect neighborhoods (i.e., 
males >7 km were associated with different river drainages and did not share songs). In 
cases where males were sampled >7 km apart in Iringa and Morogoro regions, song 
sharing between conspecifics often dropped to zero with distances greater than ~5 km. 
This could be due to increased patchiness of suitable habitat for host species in these 
regions, which would presumably lead to lower connectivity between call sites of their 
respective indigobirds. 
The frequency of both complex non-mimicry songs and chatter calls were 
influenced more by the sampling locality than species identity. Inidgobird vocalizations 
from the Morogoro region had significantly higher frequencies than in Iringa or Ruvuma, 
which did not differ from each other. Call sites in Morogoro were at lower elevations and 
in a warmer, wetter, climate compared to those in other regions (Table 2.2), suggesting 
that local ecology plays a role in shaping the frequencies of indigobird vocalizations. 
Local vegetation and cover affects the propagation of bird song (Morton 1975; 
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Nottebohm 1985; Badyaev & Leaf 1997), but all indigobirds generally sing from exposed 
branches in relatively open habitat mosaics of agriculture fields, grasslands, and sparse 
miombo bush (Payne 1973), and therefore vegetation and canopy cover are not likely to 
explain frequency differences among regions. I found that the frequencies of both 
complex non-mimicry and chatter decreased with increasing elevation (Figure 2.3). The 
same relationship was found in an analysis of green hylia (Hylia prasina) songs (Kirschel 
et al. 2009), and was hypothesized to be the product of birds adjusting the frequency of 
their songs to avoid overlap with the temperature-dependent calls of local insects (see 
also Slabbekoorn & Peet 2003). Other songbird studies, however, have not detected 
significant correlations between elevation and song frequency (Snell-Rood & Badyaev 
2008; Benedict & Bowie 2012), and more work is needed to assess the generality of this 
finding. Song frequency can also be affected by morphology, with higher frequencies 
produced by individuals with smaller bodies and bills (Ryan & Brenowitz 1985; Huber & 
Podos 2006; Gillooly & Ophir 2010). I found no significant relationship between bill size 
and song/call frequency, and mixed support for a link between body size and the 
frequency of indigobird vocalizations (Figure 2.3). Although further study is needed to 
elucidate the underlying mechanisms, the finding that all three species in Morogoro (V. 
chalybeata, V. codringtoni, and V. purpurascens) tended to produce complex non-
mimicry songs and chatter calls with higher frequencies than conspecifics in other 
regions suggests that local ecology (via local adaptation or shared developmental effects) 
plays a role in shaping the frequency of these vocalizations. 
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 Although the frequency of chatter calls were best explained by locality, I found no 
differences among either species or sampling sites in the tempo (i.e., length, syllables, 
syllables per second) of these vocalizations. This finding is consistent with the findings of 
Payne (1973), and supports the hypothesis that chatter may represent a general password 
for male indigobird identification (sensu Hauber et al. 2001). These calls, therefore, may 
serve as an innate cue to aid fledgling indigobirds in recognizing conspecifics and 
therefore appropriate tutors for acquiring templates of non-mimicry songs.  
 Despite high levels of diversity (i.e., dialects comprising ca. 25-40 songs that span 
short distances), I found significant differences among species in complex non-mimicry 
repertoire size, repertoire diversity, and song tempo. The repertoires of V. purpurascens 
were the smallest and least diverse (Figure 2.2), but were comprised of longer songs with 
more syllables (Figure 2.4). Conversely, V. chalybeata and V. codringtoni had large, 
diverse repertoires featuring shorter songs with fewer syllables (Figures 2.2, 2.4). The 
negative correlation between repertoire size/diversity and the tempo of songs suggests a 
tradeoff between these traits, perhaps because the volume of brain nuclei involved in 
song learning or production imposes constraints on the overall song complexity 
(Devoogd et al. 1993). Some complex non-mimicry song types are associated with 
courtship (Payne & Payne 1977; Payne 1979), and sexual selection in combination with 
this constraint may contribute to differences among species. For example, if female V. 
purpurascens prefer longer songs, then constraints on overall song diversity could result 
in smaller repertoires for this species (or vice versa for V. chalybeata and V. codringtoni). 
Regardless of the underlying mechanisms, if either the song traits or female preferences 
	  	  
37 
for songs is heritable, then the species effects recovered here would provide evidence that 
there has been divergent evolution among these species that share a very recent common 
ancestor. 
 Alternatively, differences in song attributes among species may reflect the 
phenotypic effects of being reared by different host species. Learning and accurately 
mimicking host songs appears to be important in the social and breeding behavior of 
indigobirds (Payne 1973, 1979; Payne et al. 2000; Chapter 1), and mimicking the songs 
of a particular host species may also affect the production and/or characteristics of 
indigobird songs. For example, parasites of hosts that produce short songs with rapidly 
delivered notes might develop physiologies that favor non-mimetic songs with similar 
attributes, and/or parasites of hosts with small repertoires may have more neural 
resources available for acquiring and memorizing large repertoires of non-mimicry songs. 
Qualitative assessments provide some support for these examples. Vidua purpurascens 
parasitize Jameson’s firefinch (Lagonosticta rhodopariea), the latter of which produces 
very rapid alarm calls with notes delivered at rates of 22+ notes per second (Payne 1996). 
In support of a host effect, V. purpurascens males mimic these calls precisely and also 
produced non-mimicry songs with the fastest tempo (Figure 2.4). The red-billed firefinch 
(L. senegala) has the smallest repertoire among the host species in Tanzania (Payne et al. 
1992), and individual males of its parasite species (V. chalybeata) had some of the larger 
repertoires of non-mimicry (Figure 2.2). To properly test for this host effect, however, 
qualitative analyses of both host and parasite song recordings from the same localities are 
needed. 
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 In summary, the evolution of indigobird non-mimetic vocalizations is complex 
and potentially affected by ecology, divergence among species, and phenotypic plasticity. 
Species-specific dialect neighborhoods of complex non-mimicry songs vary in size, with 
the size of each neighborhood likely influenced by the dispersion of call sites and the 
respective hosts in the area. Sympatric males, regardless of species, produce chatter calls 
and complex non-mimicry songs with similar frequencies, suggesting that the local 
environment (or epiphenomena of it) is an important factor in determining the frequency 
of non-mimetic vocalizations. Variation in other complex non-mimicry song attributes 
(e.g., complex non-mimicry repertoire size and tempo) is best explained by species 
identity, suggesting divergent selection among species or phenotypic plasticity in 
response to a shared developmental environment (i.e., by-product of being raised by the 
same host). Since complex non-mimicry can change quickly through cultural evolution, 
further research of these songs could provide insight of recent demographic history and 
incipient divergence of indigobird populations. 
.
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Table 2.1. Locality and sampling information. 
Indigobird species Host Region General locality N 
Vidua chalybeata Lagonosticta senegala Iringa Iringa 18 
  
Morogoro Mang'ula 16 
V. codringtoni Hypargos niveoguttatus Morogoro Mhenda 4 
  
Ruvuma Peramiho 17 
V. funerea L. rubricata Iringa Iringa 14 
  
Ruvuma Peramiho 19 
V. purpurascens L. rhodopareia Morogoro Mikumi 9 
    Ruvuma Peramiho 17 
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Table 2.2. Elevation, temperature, and precipitation data from the sampled regions 
of Tanzania for the months of the indigobird breeding season. 
    Ave High Temp (ºC)** Ave Low Temp (ºC)** Ave Precip (mm)** 
Region Ave Elev. (m)* April May June April May June April May June 
Iringa 1588 24 24 23 15 14 12 57 10 1 
Morogoro 431 30 28 27 20 19 16 198 79 19 
Ruvuma 974 26 25 24 18 14 12 115 14 1 
*GPS estimates of elevation from call sites of recorded males. 
**Data gathered from www.climatedata.eu; cities of Iringa, Morogoro, and Songea 
representing Iringa, Morogoro, and Ruvuma regions, respectively. 
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Table 2.3. Analysis of variance results for complex non-mimicry song and chatter 
call measurements. 
Data type Response Variable Effect Num DF Den DF F value Q value 
Complex non-mimicry Repertoire Size species 3 108 18.96 <0.0001 
  
region 2 108 0.32 0.81 
 
Repertoire Diversity species 3 108 8.22 0.0004 
  
region 2 108 2.47 0.18 
 
Frequency PC1 species 3 2736 3.27 0.049 
  
region 2 2736 6.71 0.004 
 
Tempo PC1 species 3 2736 26.90 <0.0001 
  
region 2 2736 2.61 0.16 
Chatter Frequency PC1 species 3 456 3.72 0.03 
  
region 2 456 12.72 <0.0001 
 
Tempo PC1 species 3 456 0.97 0.55 
    region 2 456 1.47 0.35 
Frequency variables: center frequency and maximum frequency. 
Tempo variables: length, number of syllables, and pace (syllables/second). 
Each test included species identity and sampling region as fixed factors, and P values 
were adjusted to Q values while controlling for the false discovery rate associated 
with multiple hypothesis testing. Q values below 0.05 are in bold. 
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Figure 2.1. 
Relationships among 
pairwise distances 
between call sites and 
complex non-mimicry 
song sharing (Jaccard 
index) for indigobird 
males. 
Songs of individual 
males (n = 114) were 
analyzed from four 
species: (a) Vidua 
chalybeata, (b) V. 
codringtoni, (c) V. 
funerea, and (d) V. 
purpurascens. Each 
species was samples 
from two of three 
regions: Iringa, 
Morogoro, and 
Ruvuma. 
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Figure 2.2. Complex non-mimicry (a) repertoire size and (b) repertoire diversity.  
Plots display averages (± standard error) for each species, with different symbols 
(shape/color) representing sampling localities. Lowercase letters represent statistically 
significant differences among levels within each factor (species identity or sampling 
locality). 
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Figure 2.3. Non-mimetic vocalization frequency in the context of (a-b) 
species/locality, (c-d) elevation, and (e-f) body size. 
Average (± standard error) values are shown in a-b, and data from individual males are 
displayed in all other plots. Data symbols (shape/color) discriminate either species (a-b) 
or locality (c-f). Lowercase letters in a-b represent statistically significant differences 
among levels within each factor (species identity or sampling locality). 
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Figure 2.4. Tempo (i.e., length, syllables, and syllables per second) for (a) complex 
non-mimicry songs and (b) chatter calls. 
Plots display averages (± standard error) for each species, with different symbols 
(shape/color) representing sampling localities. Lowercase letters represent statistically 
significant differences among levels within each factor (species identity or sampling 
locality). 
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CHAPTER 3. AMPLIFICATION BIASES AND CONSISTENT RECOVERY OF 
LOCI IN A DOUBLE-DIGEST RAD-SEQ PROTOCOL 
 
 
INTRODUCTION 
 
A variety of new “genotype by sequencing” (GBS) methods share the common feature of 
using one or more restriction enzymes to target a subset of genomic loci for high-
throughput DNA sequencing, allowing the simultaneous discovery and genotyping of 
genetic polymorphisms in a set of multiplexed samples (Davey et al. 2011). Widely 
applicable in both model and non-model organisms, these methods generate massive 
datasets for a range of applications from genetic mapping to population genetics, 
phylogeography, and molecular systematics (Davey & Blaxter 2010; Ekblom & Galindo 
2011; McCormack et al. 2013; Narum et al. 2013). The methods described to date vary 
substantially in the number of loci captured for sequencing (Table 3.1), but all are 
designed to recover a specific subset of genomic loci in a more or less consistent manner 
across samples. Few studies, however, have explicitly evaluated performance or the 
potential biases leading to differential recovery of loci among samples (Peterson et al. 
2012; Davey et al. 2013). 
The optimal level of genome reduction varies with the aims and sampling design 
of each study (Davey et al. 2011; Peterson et al. 2012). Fortunately, many of these new 
methods are highly flexible, allowing researchers to balance the number of loci 
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sequenced against the number of samples that can be multiplexed and the expected 
sequencing depth per sample and locus. The primary tool for adjusting the number of loci 
is choice of restriction enzyme(s) (Baird et al. 2008); enzymes with longer recognition 
sequences (and/or methylation-sensitive enzymes ; see Elshire et al. 2011) cut the 
genome less frequently and therefore produce fewer loci. Using two enzymes combined 
with size selection further reduces the number of loci, targeting only those portions of the 
genome with cut sites for the selected enzymes in close proximity (e.g., van Orsouw et al. 
2007; Hohenlohe et al. 2012; Peterson et al. 2012; Poland et al. 2012). “Double-digest, 
restriction-site associated DNA sequencing” (ddRAD-seq) (Peterson et al. 2012) also 
streamlines fragment library preparation in comparison to the original RAD-seq method 
(Baird et al. 2008). Other means to reduce the number of loci include selective pre-
amplification (van Orsouw et al. 2007), the use of a third enzyme leaving “sticky ends” 
not compatible with adapters (Truong et al. 2012), and the use of type IIB enzymes with 
selective adapters (Wang et al. 2012). 
I independently developed a ddRAD-seq protocol with the aim of generating 
robust genotypic data for a relatively small fraction of the genome (several thousand 
loci), allowing increased multiplexing and reduced per sample costs for analyses of 
population structure and gene flow. My protocol is similar in basic concept to other 
double-digest methods (e.g., Hohenlohe et al. 2012; Parchman et al. 2012; Peterson et al. 
2012; Poland et al. 2012; Truong et al. 2012), but uses enzymes that cut less frequently 
combined with a larger fragment size range (see also Hohenlohe et al. 2012). To assess 
the performance of my method, I compared empirical results for a zebra finch 
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(Taeniopygia guttata) sample to predicted loci from an in silico digest of the zebra finch 
genome. This allowed us to characterize biases in the recovery of loci in relation to 
fragment size, base composition, and genome position. I also explore repeatability across 
runs by testing the effectiveness of the method in recovering a broadly overlapping set of 
loci in samples from three species of brood parasitic indigobirds (Vidua spp.). Finally, I 
discuss my results in relation to other recent evaluations of bias in GBS methods 
(Peterson et al. 2012; Davey et al. 2013; Gautier et al. 2013). 
 
METHODS 
 
ddRAD-seq 
I developed a ddRAD-seq protocol similar in basic design to those described in recent 
studies (Hohenlohe et al. 2012; Peterson et al. 2012). Briefly, genomic DNA is cut with 
two enzymes in a single reaction after which barcoded sequencing adapters with 
overhangs matching the “sticky ends” produced by the respective enzymes are added in a 
single ligation reaction. Fragments are then size selected, PCR-amplified, quantified and 
pooled for sequencing. In comparison to the original RAD-seq method (Baird et al. 
2008), ddRAD-seq targets a smaller subset of loci (assuming the same primary restriction 
enzyme) and also simplifies the library preparation process by eliminating hydroshearing, 
end repair, adenylation, and one of two ligation reactions. Choice of restriction enzymes 
combined with selection of a wider or narrower fragment size range allows substantial 
control over the number of target loci (Peterson et al. 2012). A “divergent-Y” in the “P2” 
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adapter prevents amplification of fragments produced by adjacent cuts of the enzyme 
with higher cutting frequency, yielding a fragment library comprising mostly fragments 
with “P1” and “P2” adapter sequences on either end, and a smaller number of fragments 
with a P1 adapter on both ends. The latter affect concentration estimates and bind to the 
flow cell, but do not form clusters during bridge amplification (Fedurco et al. 2006). 
 
Selection of enzymes and fragment size range 
The number of ddRAD loci expected for a given pair of enzymes and fragment size range 
can be estimated given information on genome size and base composition, but more 
accurate estimates can be generated through an in silico digest of an appropriate reference 
genome. I wrote a python script (Digital_RADs.py; available at https://github.com/BU-
RAD-seq) that returns the number, size distribution, base composition, and sequences of 
ddRAD loci that should be generated by a given pair of enzymes and reference genome. 
To illustrate the difference between RAD-seq and ddRAD-seq, the zebra finch genome 
sequence includes 70,569 SbfI restriction sites, which should generate an expected 
141,138 DNA fragments for sequencing (i.e., upstream and downstream from each cut 
site) when using the original RAD-seq method (Baird et al. 2008). Adding a second 
enzyme allows great flexibility in the number of loci targeted for sequencing; for 
example, different enzymes with six-base pair recognition sites can yield as few as 178 or 
as many as 14,925 fragments in the 200-400 bp size range when combined with SbfI in a 
ddRAD-seq protocol (Table 3.2). Adjusting the size range allows further modification of 
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the expected number of loci. Ideally, the second enzyme should cut more frequently than 
the first to minimize the number of fragments with P1 adapters on both ends. 
 
Laboratory protocols 
I outline here my current ddRAD-seq protocol, which I have used to process several 
batches of samples for analyses of the brood parasitic indigobirds (Vidua spp.) and their 
estrildid finch hosts (a detailed protocol is available in Supporting Protocol S1). Some of 
the results reported in this paper used earlier versions of the protocol, and I highlight any 
pertinent differences below. I extract genomic DNA using the DNeasy Blood & Tissue 
Kit (Qiagen Inc.) and estimate concentrations with a NanoDrop instrument (Thermo 
Scientific). Genomic extracts showing evidence of degradation in an agarose test gel are 
avoided. I then double-digest ~1.0 µg of DNA with high fidelity versions of the SbfI and 
EcoRI restriction enzymes (New England Biolabs); when less DNA is available, I have 
had good success starting with as little as 0.17 µg of genomic DNA. Following digestion, 
ligation of double-stranded sequencing adapters is completed in the same tube. The P1 
adapter includes the Illumina TruSeq forward amplification and sequencing primer 
sequences, one of 48 unique, six bp barcodes, and a TGCA overhang on the top strand to 
match the sticky end left by SbfI (Table 3.3). The 48 barcodes were selected from a set of 
128 that I designed using Hamming codes (Hamady et al. 2008) such that each barcode 
has exactly 50% GC content, no more than two consecutive identical bases, and a 
minimum of two differences with every other barcode. The P2 adapter includes the 
Illumina TruSeq reverse amplification and sequencing primer sequences, a six bp index 
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sequence, and an AATT overhang on the top strand to match the sticky end left by 
EcoRI. It also incorporates a “divergent-Y” (Coyne et al. 2004) to prevent amplification 
of fragments with EcoRI cut sites on both ends (Table 3.3). The barcoded (P1) and 
indexed (P2) adapters can be used in combination to allow for highly multiplexed 
libraries (Peterson et al. 2012). 
Following ligation, individual samples are run on a 2% low-melt agarose gel and 
DNA in the 300-450 bp size range is excised from the gel. This size range corresponds to 
genomic fragments of 178-328 bp after excluding adapter sequences. To aid accurate and 
repeatable size selection, I add internal size standards of exactly 300 and 450 bp in each 
lane. To compensate for an amplification bias that favors smaller fragments in the 
downstream PCR (Walsh et al. 1992, see Results), I cut a tapered slice from the gel, 
excising the full width of the lane at 450 bp but only half the width at 300 bp. DNA is 
extracted from gel slices with the MinElute Gel Extraction Kit (Qiagen) following the 
manufacturer’s protocol except that the agarose is dissolved at room temperature to 
increase the representation of AT-rich fragments (Quail et al. 2008) and I use 20 µL of 
the Qiagen Elution Buffer. Samples are then amplified for 20 PCR cycles using Phusion 
High-Fidelity PCR Master Mix (Finnzymes) in a 60 µl reaction with 15 µl of template 
DNA. Amplified DNA fragments are purified with AMPure XP magnetic beads 
(Agencourt). Fragment library concentrations for each sample are estimated with 
quantitative PCR (qPCR) using a KAPA Biosystems kit. Individual fragment libraries are 
then combined in equimolar amounts and sequenced on an Illumina HiSeq 2000 or 2500 
machine. Unless otherwise noted, single end raw sequence reads of 100 bp were 
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generated with TruSeq v3 reagents and CASAVA v1.8 software (Illumina, Inc.). I 
generated single end sequence data to simplify computational processing of the data, to 
minimize per sample costs for a large population study, and because there is no 
opportunity to detect PCR duplicates from paired end reads when using two-enzyme 
methods like ddRAD-seq. De-multiplexed fastq files for all samples described in this 
study are available in the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive (Accession: PRJNA240988). 
 
Bioinformatics analyses 
I used custom Python scripts (available at https://github.com/BU-RAD-seq) in 
conjunction with other freely available software to process the Illumina sequence reads. 
Briefly, sequences passing the preliminary Illumina quality filter are parsed into 
individual sample files based on P1 barcode and P2 index sequences. The barcode is 
trimmed from each read and replaced with “CC” to reconstruct the 8-base SbfI 
recognition sequence. Although the first 6 bases of all reads (and 8 bases including the 
added “CC”) are identical, I include the full 8-base restriction site to improve the 
performance of subsequent BLAST searches against the reference (zebra finch) genome. 
In preliminary analyses, I discovered that many sequences represented unexpectedly 
short restriction fragments and thus extended through the EcoRI site and into the P2 
adapter (see Results); thus, I also search for and remove P2 adapter sequences using an 
alignment-based approach to allow for imperfect matches; I then add a “C” at the end of 
these trimmed sequences to complete the EcoRI recognition site. Finally, reads with a 
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complete SbfI or EcoRI recognition sequence in the middle of the sequence, representing 
concatemers of two different restriction fragments, are either removed from the analysis 
(SbfI) or trimmed accordingly (EcoRI). 
To reduce the size of data files for downstream analysis, I condense identical 
sequences for a given sample into a single data line, retaining the number of identical 
reads observed and the highest quality score at each position. Retaining the highest 
quality score is conservative because multiple identical reads, each with a generally small 
probability of error, increases confidence in the base call beyond that provided by any 
single read. I then cluster the condensed reads from each sample using the UCLUST 
method in USEARCH v5 (Edgar 2010). Low quality reads (average quality score < 20) 
that do not cluster with any other reads from the same individual at a 90% identity 
threshold are omitted from further analysis. 
Next, the condensed and filtered reads for individual samples are concatenated 
into a single large file, sorted by average quality score (from high to low), and then 
clustered into putative loci using UCLUST with an identity threshold of 85%. The 
highest quality sequence from each cluster is mapped to the zebra finch reference genome 
using BLASTN v2.2.25 (Altschul et al. 1990) with the following settings: 
evalue=0.0001, word_size=11, gapopen=5, gapextend=2, penalty=-3, reward=1, and 
dust=yes. Clusters with BLAST hits to the same or approximately the same chromosomal 
position (± 50 bp) and with the same orientation (plus or minus strand) are merged; 
clusters that do not produce a BLAST hit are carried through the remainder of the 
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pipeline as anonymous loci. I then use MUSCLE v3.8.31 (Edgar 2004) to align the 
sequences in each cluster (i.e., each putative ddRAD locus). 
I developed a custom script to process the aligned sequence data and output 
haplotype/allele counts, SNPs, and binary coding of each unique indel for each sample 
and locus. Briefly, my script makes several passes through the data for each putative 
locus to: 1) identify positions with SNPs and/or indels in one or more samples, 2) identify 
all unique haplotypes (considering polymorphic sites only) and determine the number of 
reads for each haplotype in each sample, and 3) evaluate the results for each sample in 
light of Mendelian expectations. For single-copy autosomal loci, I expect the sequences 
for each homozygous individual to represent a single haplotype (subject to infrequent 
errors, typically at different positions in different sequence reads), whereas heterozygous 
individuals should have two predominant haplotypes, ideally appearing at approximately 
equal frequency. For the analyses presented here, individuals were scored as homozygous 
if more than 93% of sequence reads for a given locus were consistent with a single 
haplotype and as heterozygous if the second most frequent haplotype was represented by 
> 29% of reads. If the second most frequent haplotype was represented by 20% to 29% of 
reads, the genotype for that individual was flagged as a “provisional heterozygote” and 
was later “passed” as heterozygous only if both haplotypes were present in other 
individuals in the population. Samples failing this test and other samples with a 
secondary haplotype representing 7 to 20% of reads were flagged as ambiguous (“Bad 
Ratio”). Similarly, a putative heterozygote with a third haplotype representing more than 
10% of reads was also flagged as ambiguous (“Extra Reads”). Loci for which multiple 
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samples have ambiguous genotypes (Bad Ratios/Extra Reads) often have high sequencing 
depth and/or multiple BLAST hits and likely represent duplicated or repetitive elements 
in the genome (see Results). For loci with segregating polymorphisms, homozygous 
samples with fewer than five reads were also flagged as ambiguous (“Low Depth”). 
Finally, if the average quality-score for a variable position across all reads at a locus 
dropped below 25, I truncated the locus at that position before scoring genotypes. 
 
Comparison of zebra finch sample to reference genome 
To assess the recovery of predicted ddRAD loci, I compared in silico and empirical 
results for a single zebra finch sample. I searched the zebra finch genome for all predicted 
ddRAD loci in the 32-700 bp size range (inclusive of the SbfI and EcoRI restriction sites) 
and recorded the sequence and base composition for each locus. I then used the first 100 
bp of each predicted locus (corresponding to the read length), or the entire sequence for 
loci less than 100 bp, in BLAST searches against the zebra finch genome. Loci with a 
single, high quality BLAST hit matching the original location of the predicted tag were 
included in a stringent set of single-copy loci for comparison to empirical results. I 
processed a zebra finch tissue sample as described in Supporting Protocol S1, but with 
slightly different PCR conditions (1 µl of each 10 µM primer, 10 µl of template DNA, 
and 26 PCR cycles), gel purification of the PCR product rather than bead cleanup, and 
TruSeq v2 reagents. I clustered the empirical sequence reads with the database of 
predicted single-copy loci using UCLUST, allowing us to determine the number of reads 
for each predicted locus. 
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Consistency among samples and runs for a population sample 
I tested the consistency of my ddRAD-seq method by assessing the extent to which a 
common set of loci was recovered across samples and sequencing runs. I used data for 
three species of West African indigobirds (V. camerunensis, V. raricola, and V. wilsoni) 
collected over the course of six different sequencing runs. These species are closely 
related and show minimal genetic differentiation at nuclear loci (Sorenson et al. 2003; 
Sefc et al. 2005). I first assessed data quality and the number of shared loci among 46 
samples in a single sequencing run (“RAD10”) and then used a set of commonly 
recovered loci to assess consistency among runs, making comparisons to other runs that 
included 10 or more samples of these same West African species.  
I constructed a database of 5,996 putative single copy loci recovered in all 46 
RAD10 samples at a depth of five or more sequence reads per sample per locus. 
Fragment length was estimated from the corresponding locus in the zebra finch genome 
or, in the case of loci <100 bp in length, measured directly from the indigobird sequence 
data. Note that the location of the nearest EcoRI site to a given SbfI site often differs 
between indigobirds and zebra finch; thus, I assumed that estimated lengths greater then 
328 bp were incorrect, while also recognizing that some estimates within my size range 
are also incorrect. I then used USEARCH to cluster the reads for 10 indigobird samples 
from each of five other runs (RAD5, 6, 14, 16, 18) with the database of RAD10 loci and 
determined the number of reads representing each locus in each sample. RAD5 fragment 
libraries were prepared with the same laboratory protocol used for the zebra finch sample 
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(see above). For RAD6, I used a smaller quantity of genomic DNA (~0.1 µg), pooled 
batches of 12 samples after ligation of adapters and before the size selection step, and 
TruSeq v2 reagents. Individual fragment libraries were prepared for the RAD14, 16, and 
18 runs following the same protocol used for RAD10. 
 
RESULTS 
 
Comparison of empirical zebra finch data to predictions from the reference genome 
I analyzed 747,650 reads assigned to an individual zebra finch. Processing these reads 
through my computational pipeline generated 17,144 “clusters” or putative loci, of which 
9,439 were represented by five or more reads. The consensus sequence for most clusters 
with fewer than 500 reads generated a single BLAST hit or a “best” hit along with other 
poorer matches (Figure 3.1). In contrast, clusters with sequencing depth of 500 or more 
reads (n = 53, maximum depth = 7,626 reads) typically generated multiple BLAST hits 
(Figure 3.1) and undoubtedly represent repetitive elements in the genome. Considering 
the 9,386 putative loci with depths of 5-500, at least 4,295 were heterozygous, with 2 
distinct haplotypes, each representing 30-70% of the reads for that locus. 
Consistent with expectations, recovery of predicted, single-copy ddRAD loci 
within my targeted size range was generally high, although sequencing depth and the 
proportion of loci recovered decreased toward the upper limit of the size range before 
dropping to nearly zero for fragment lengths above the selected size range (Figure 3.2A). 
Surprisingly, I also recovered a high proportion of loci in the ~38-178 bp size range, with 
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a tiny fraction of sequences ranging all the way down to the minimum possible length of 
10 bp (13 bp with the restriction sites reconstructed), comprising adjacent SbfI and EcoRI 
restriction sites overlapping by one base. Considering a stringent set of predicted single 
copy loci (see Methods), the empirical data included at least one sequence read for 5,232 
(90.5%) of 5,783 predicted loci in the 38-328 bp size range, and 5,078 of these loci 
(87.8% of the predicted loci) were represented by at least five reads. A small number of 
recovered loci with predicted lengths longer than 328 bp are presumably due to 
restriction site polymorphisms, indels generating fragment length differences between the 
reference genome and my individual sample, or a low level of star activity (see below).  
Sequencing depth per locus within the recovered size range varied with both 
fragment length (Figure 3.2B) and base composition (Figure 3.2C). Sequencing depth 
was highest for loci that were ~200 bp in length and was negatively correlated with 
length in the ~200-328 bp range (Figure 3.2B). Within this range, both fragment length 
and base composition explained a significant portion of the variation among loci in 
sequencing depth (multiple linear regression, R2 = 0.43, p < 0.0001; partial R2 for length 
= 0.20, p < 0.0001; partial R2 for GC-content = 0.23, p < 0.0001). By making a tapered 
cut of the gel slice during size selection, I reduced the relative representation of smaller 
fragments, generating a positive correlation between depth and fragment length in the 
~178-200 bp range (Figure 3.2B, Figure 3.3). Sequencing depth was not strongly related 
to fragment length for loci smaller than the selected size range (i.e., ~38-178 bp). For all 
loci, sequencing depth was positively correlated with GC content; this relationship was 
stronger within the selected size range than it was for shorter loci (Figure 3.2C).  
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The base composition of recovered ddRAD loci was not representative of the 
entire genome. While the overall base composition of the zebra finch genome is 41.4% 
GC, the base composition of the 5,783 predicted, single-copy ddRAD loci in the 38-328 
bp size range is 48.1% GC, excluding the restriction sites. Likewise, average base 
composition for the subset of loci with one blast hit and 5-500 reads was also 48.1% GC. 
This bias towards GC-rich regions is expected given that the SbfI recognition sequence 
(CCTGCAGG) is 75% GC and the combined base composition of the SbfI and EcoRI 
recognition sites is 57% GC.  
As noted above, I recovered 17,144 putative loci from my zebra finch sample, 
thousands more than the 10,120 loci (38-328 bp size range) predicted by an in silico 
digest of the reference genome (note that most of the above analyses were based on a 
smaller, stringent subset of predicted single copy loci). Mapping my empirical data to the 
genome identifies two processes that increase the number of loci represented in the 
fragment library: star activity (i.e., non-specific cutting by the restriction enzymes) and 
ligation of two or more restriction fragments during fragment library preparation (i.e., 
concatemerization). Focusing on 11,309 empirical loci that produced a single, high-
quality BLAST hit reveals four distinct categories:  
1) 5,303 loci (46.9%) map, as expected, to a predicted SbfI-EcoRI fragment less 
than 328 bp in length; these loci were generally recovered at relatively high depth 
(median depth = 47; 93.0% had ≥ 10 reads) (Figure 3.4). 
2) 4,524 loci (40.0%) map to a genomic location with an 8 bp sequence similar 
but not identical to the canonical SbfI recognition site (1 to 4 mismatches). Most loci in 
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this category start at a genomic location that differs from the SbfI recognition site by a 
single mismatch in either the first or last position (90.6% of 3,962 loci with one 
mismatch), and most of these loci were recovered at low depth (median depth = 2; 94.7% 
had ≤ 9 reads), consistent with a low level of non-specific enzyme activity at such sites. 
In contrast, loci differing by a single mismatch in positions 2 through 7 accounted for 
only 374 (9.4%) of these loci but were typically recovered at much higher depth (median 
depth = 24; 71.7% of loci had ≥ 10 reads), suggesting that most loci in this latter category 
represent SbfI-EcoRI fragments generated by restriction site polymorphisms between the 
reference genome and my zebra finch sample. 
3) 791 loci (7.0%) map to an SbfI site without a nearby EcoRI site. Sequencing 
depth for these loci was variable (Figure 3.4); I suggest that most of the low-depth loci in 
this category are generated by non-specific activity of EcoRI at non-canonical EcoRI 
sites near SbfI sites, whereas most loci recovered at higher depth represent EcoRI 
restriction site polymorphisms between the reference genome and my sample. 
4) 491 loci (4.3%) map to a predicted SbfI-SbfI restriction fragment less than 328 
bp in length; most of these loci were recovered at low depth (Figure 3.4). In preliminary 
analyses, I identified a small number of sequences representing the ligation of SbfI-SbfI 
restriction fragments to SbfI-EcoRI fragments, generating chimeras with the necessary 
sequencing adapters on either end. Thus, my computational pipeline checks for and 
discards sequences that include a complete SbfI restriction site, but chimeras with a 
reconstituted SbfI site beyond the read length are not detected and are thus retained in the 
final data set. A few of these loci (n = 21, 4.3%) were recovered at higher depth (≥ 10 
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reads) and may represent “intended” SbfI-EcoRI fragments, reflecting polymorphisms 
responsible for gain of EcoRI or loss of SbfI sites in the downstream sequence. 
 
ddRAD-seq results for a population sample 
I pooled ddRAD-seq libraries for 46 indigobird samples (RAD10), representing three 
species from Cameroon, and generated ~30.8M reads in a single lane of an Illumina 
HiSeq 2000 flow cell (somewhat fewer reads than anticipated due to an issue with library 
quantification). I achieved approximately equal representation across individual samples 
(mean ± sd: 562K ± 55K assigned sequence reads; range: 476K-767K). Likewise, a 
broadly overlapping set of loci was recovered across all 46 samples; my computational 
pipeline yielded 5,996 putative single copy loci that were recovered with ≥ 5 reads and 
successfully genotyped in all 46 samples, including 2,109 invariant loci and 3,887 loci 
with one or more polymorphisms (SNPs and/or indels). Most of these loci (91.1%) 
generated a BLAST hit to the zebra finch reference genome (median e-value of 7E-29). 
Of the remaining 531 loci, 392 produced a BLAST hit when compared to the NCBI 
reference genomic sequences database. All of these hits were to avian taxa, and another 
passeriform taxon was the closest match in almost all cases (99.0%). Sequence data (≥ 1 
read per sample per locus) were obtained for at least 90% of individuals (42 of 46) for an 
additional 1,283 invariant and 2,554 variable loci. These totals exclude 548 
clusters/putative loci with data for ≥ 42 samples, but also three or more “flagged” 
genotypes (“bad ratio”, “extra reads”); many of these clusters include sequences from 
loci with two or more similar copies in the genome. I used several additional criteria to 
	  	  
62 
screen for and exclude duplicated loci, including: 1) unusually high average read depth; 
2) a strong excess of heterozygotes as compared to Hardy-Weinberg expectations; 3) 
highly divergent alleles; and/or 4) consistently higher read depth for heterozygotes than 
homozygotes, a pattern generated when a second, similar locus was recovered in only a 
subset of samples. For the larger set of 9,833 loci, less than 0.2% of genotypes were 
flagged, whereas data were missing for ~1% of genotypes and ~10.8% of genotypes had 
low sequencing depth (< 5 reads) (Table 3.4). 
Consistent with the relationships between fragment length, base composition, and 
sequencing depth noted above, sequencing depth varied among loci and this variation 
was strongly correlated among individuals. Locus identity explained a far greater 
proportion of variation in sequencing depth than sample identity (two-way ANOVA of 
2,000 randomly selected loci: partial η2 effect sizes of 0.82 and 0.02 for locus and 
sample, respectively). BLAST results indicate that recovered indigobird loci were 
broadly scattered across the genome. As would be expected, there was a significant 
positive correlation between zebra finch chromosome length and number of indigobird 
loci mapping to each chromosome, but with an up to four-fold over representation of loci 
on generally smaller, GC-rich chromosomes (Figure 3.5A-C). The proportion of loci that 
were polymorphic also increased with GC content (Figure 3.5D). 
I further assessed data quality by examining PCR and/or sequencing error rates as 
well as the fit of my data to Mendelian and population genetic expectations. To simplify 
these analyses, I focused on 1,721 loci that were scored as having a single bi-allelic SNP 
and that were recovered in all 46 samples with no flagged genotypes (results were 
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entirely comparable for loci with a larger number of polymorphisms/alleles, but are more 
complex to summarize). For reference, these 1,721 loci had median sequencing depth of 
58 reads per sample per locus, with heterozygotes having a median of 28 reads per allele. 
Consistent with low rates of PCR and/or sequencing error, 99.48% of all reads (n = 
5.2M) were identical across their full length to one of the two consensus allele sequences 
at each locus; thus, sequences for all these loci were effectively “replicated” across 
multiple samples. Of those sequences that did not match perfectly, 96.8% were either 
singletons (i.e., observed only once in a given sample; 66.4% of mismatched reads) 
and/or were sequences that differed from one of the consensus allele sequences at a 
position(s) with quality score < 30 (69.7% of mismatched reads), the latter indicating 
sequencing error rather than PCR error as the predominant source of error. In a few cases 
(n = 14 individual genotypes at 13 loci; 0.018% of all genotypes), an individual had 2 to 
9 high quality reads comprising 20-30% of its reads; these likely represent rare 
polymorphisms that did not meet the initial threshold for identifying a variable site in my 
genotyping code. 
Consistent with Mendelian expectations, read counts for 79,166 genotypes (1,721 
loci x 46 individuals) were strongly tri-modal, with homozygotes having either ~0% or 
~100% of reads matching the rare allele at the SNP position and heterozygotes having 
reads matching both alleles (Figure 3.6). Read depths for the two alleles in heterozygotes 
were consistent with stochastic sampling from the binomial distribution, with reduced 
variation around the 50/50 expectation as total depth increased. The proportion of 
heterozygous genotypes deviating from binomial expectations at the 0.05 confidence 
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level (4.6%; 537 of 11,761), including 1.3% (n = 151) at the 0.01 confidence level, was 
approximately what would be expected by chance. Only 64 of 67,045 homozygous 
genotypes (0.095%) included one or more high quality reads that matched the alternative 
allele at the SNP position; in cases of low depth (e.g., < 20 reads total), there is a small 
chance that some of these were heterozygotes incorrectly scored as homozygous, but 
either PCR or sequencing error (including errors in the barcode sequence) might also 
account for a single mismatched read. 
Genotyping accuracy is also supported by an approximate fit of genotype 
frequencies to Hardy-Weinberg expectations, with both heterozygotes and homozygotes 
for the rare allele increasing with allele frequency (Figure 3.7A-B). A small fraction of 
loci with a deficiency of heterozygotes can be attributed to combining data from three 
closely related species with minimal genome-wide differentiation (i.e., the Wahlund 
effect; Wahlund 1928); nearly all of these loci have ΦST values in the right tail of the 
distribution (range 0.15 to 0.62) as compared to the genome-wide value of ΦST = 0.047. 
Likewise, the distribution of rare allele frequencies at these same loci (i.e., the site 
frequency distribution) is roughly consistent with neutral expectations for a population of 
constant size (Figure 3.7C), albeit with a moderate excess of low frequency alleles, which 
is consistent with population expansion. Finally, expanding the analysis to all loci 
recovered in all 46 samples, the observed level of polymorphism (mean = 1.27 
polymorphisms per locus) was consistent with previous indigobird studies (Sorenson et 
al. 2003; Sefc et al. 2005), and the distribution of polymorphisms among loci was 
approximately Poisson distributed (Figure 3.7D). 
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Consistency among runs in sequenced ddRAD loci 
A broadly overlapping set of loci was recovered across most but not all of my sequencing 
runs (Table 3.5, Figure 3.8). This was particularly true for later runs using the same 
laboratory protocol (i.e., RAD10, 14, 16, 18); using 5,996 “core” loci from RAD10 
samples as a reference set, subsequent runs recovered 95.7% (RAD14), 92.9% (RAD16) 
and 98.0% (RAD18) of these loci at a depth of 5+ reads in all 10 samples analyzed, and 
individual samples were missing data for a small fraction of loci (Table 3.5). In these 
runs, core loci were recovered at a high rate across the selected size range (Figure 3.8-
3.9), with a strong correlation across runs in per locus sequencing depth (Figure 3.10). 
Slightly poorer success in RAD16, which had similar per sample read depth to RAD10, 
was apparently due to one or more factors influencing quality of the fragment library 
(Figure 3.11). My RAD5 run used different PCR parameters (see Methods) and gel-based 
rather than bead-based purification of PCR products. Despite these differences, the set of 
core loci was well represented; 88.2% of loci had at least five reads for each of the 10 
individuals analyzed in RAD5 (Table 3.5). Loci with missing data tended to be toward 
the upper limit of the size range (Figure 3.8-3.9). Variation in sequencing depth across 
samples and within loci was relatively low in all of these runs; the average coefficient of 
variation in read depth was below 0.3 in each run (Table 3.5). 
Pooling samples earlier in the library preparation process (e.g., after digestion and 
ligation of barcoded adapters) offers considerable savings in both the time and costs 
associated with preparing samples for ddRAD-seq (Peterson et al. 2012). I used this 
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approach for my RAD6 run (see Methods). Despite generating many more sequence 
reads per sample (Table 3.5), the reference set of loci was recovered much less 
consistently in RAD6 as compared to other runs. While loci with the highest average 
depths in RAD10 were generally recovered in most or all RAD6 samples, the RAD6 run 
showed a pattern of seemingly random “dropout” of loci throughout the entire size range 
(Figure 3.8), resulting in much greater within locus variability in read depth among 
samples (Table 3.5). Results also differed between two batches of pooled samples in 
RAD6: 44.0% of the RAD10 reference loci were recovered with ≥ 5 reads in all 10 
samples in RAD6-pool-1, whereas only 11.9% were consistently recovered in RAD6-
pool-2. Recovered loci often had many more reads (e.g., 1,000+) than necessary to 
determine genotypes. These results illustrate that high per sample sequencing depth does 
not necessarily translate into good representation across loci or consistent recovery of loci 
among samples. 
 
DISCUSSION 
 
A variety of conceptually similar GBS methods have been introduced in recent years, 
providing new opportunities and increased power for addressing a wide range of 
questions in molecular ecology, evolutionary biology and related fields. Designed to 
sample a specific subset of the genome across multiple samples, the utility of these 
methods depends on consistent recovery of loci across batches of samples, but there has 
been limited evaluation of this key aspect of performance (but see Peterson et al. 2012; 
	  	  
67 
Davey et al. 2013; Gautier et al. 2013).  Potential pitfalls and biases associated with 
laboratory protocols, natural genetic variation, and computational processing of the 
sequence data all may affect the degree to which a common set of homologous loci is 
recovered across samples. I discuss below the range of factors influencing performance 
and compare my method to similar approaches that, while identical in basic concept, 
differ in important details. 
 
Recovery and amplification biases associated with fragment library preparation 
While the ideal GBS method would yield uniform sequencing depth across all recovered 
loci, both the original RAD-seq method and ddRAD-seq generate substantial variation, 
albeit for different reasons. In the original method, there is a strong positive relationship 
between restriction fragment length and sequencing depth, apparently due to the poor 
efficiency of hydro-shearing shorter fragments (Davey et al. 2013). This bias is not 
relevant to ddRAD-seq, which replaces hydro-shearing with a second restriction enzyme 
that determines final fragment length; thus, I found a negative relationship between 
fragment length and sequencing depth within my selected size range (Figure 3.2B), 
presumably due to amplification bias in favor of shorter molecules (Walsh et al. 1992). I 
also detected a significant bias in favor of loci with higher GC content (Figure 3.2C), an 
effect also observed in the original RAD-seq method with an increasing number of PCR 
cycles (Davey et al. 2013). 
My ddRAD-seq protocol is generally similar to that described by Peterson et al. 
(Peterson et al. 2012), but I used enzymes that cut less frequently combined with a larger 
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fragment size range to recover a comparable number of loci (Table 3.6). A narrower size 
range is preferable for Illumina sequencing (Quail et al. 2008) and reduces the potential 
for amplification bias but it puts a premium on precise and consistent size selection. 
Indeed, Peterson et al. (Peterson et al. 2012) focused on this issue as a key to good 
performance and demonstrated the advantages of automated size selection using a Pippin 
Prep instrument (Sage Science). I obtained excellent results using a standard agarose gel 
and wider size range combined with enzymes that cut less frequently. Under these 
conditions, slight error in the selected size range affects a smaller proportion of the 
targeted loci. Except for my RAD5 run, which used gel-based rather than bead-based 
purification of PCR products, I achieved consistent recovery of loci all the way to the 
upper limit of my selected size range (Figure 3.8-3.9). 
An unexpected consequence of size selection in a standard agarose gel was the 
recovery of fragments shorter than the lower limit of my targeted size range (Figure 
3.2A-B). This “small fragment carryover,” revealed by directly comparing empirical data 
with expectations from a reference genome, has not been reported in previous ddRAD-
seq studies (e.g., Hohenlohe et al. 2012; Peterson et al. 2012). Because sequences for the 
shortest fragments (< 100 bp) extended into the P2 adapter, searching for P2 adapter 
sequences and trimming sequences accordingly was a critical step in the initial processing 
of my data. While the inclusion of short fragments reduces data collection efficiency, the 
consistency of the effect across samples produced a set of shared loci in the 38-178 bp 
range, a large fraction of which were variable and genotyped in all samples. While the 
exact mechanism is uncertain, this effect is apparently substantially reduced by including 
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a bead-based purification step following digestion of the genomic DNA and/or by using a 
Pippin Prep for size selection (Sage Science, pers. comm.). 
Although my realized fragment size range was substantially wider than intended, 
excessive variation in sequencing depth was likely ameliorated by two factors: 1) for 
smaller fragments (38-178 bp), I speculate that a positive relationship between “carryover 
probability” and size was countered by amplification bias favoring short fragments, 
resulting in relatively constant average sequencing depth across this range (Figure 3.2B); 
and 2) making a tapered gel slice during size selection was effective in reducing 
amplification bias at the lower edge of my selected size range (~178-200 bp; Figure 3.2B, 
Figure 3.3).  
As in previous studies (Peterson et al. 2012; Davey et al. 2013), I found that 
recovery/amplification biases affect all samples in a similar manner, resulting in strong 
covariation among samples in sequencing depth across loci. Peterson et al. (Peterson et 
al. 2012) attributed this effect to a negative correlation between depth and distance of a 
given locus from the midpoint of the selected size range, presumably due to lower 
recovery of fragments farther from the midpoint. With direct estimates of fragment length 
from the zebra finch genome, my results show that amplification bias in relation to both 
fragment length and GC-content also contributes to correlated variation in depth across 
loci. Even from 206 bp to 254 bp, which corresponds to the “narrow” range used by 
Peterson et al. (but is well within the limits of my selected size range), I observe a 25% 
reduction in median per locus sequencing depth in my zebra finch test sample. The 
relatively large number of PCR cycles I used may exacerbate amplification biases in 
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relation to both fragment size and GC content, but the consistency of this effect 
contributes to the recovery of a “core set” of high-depth loci in all or almost all samples, 
which can be viewed as an advantage of ddRAD-seq (see also Peterson et al. 2012). Note 
that PCR ramp time is another factor that may have a significant impact on amplification 
biases (Aird et al. 2011). 
My RAD6 run illustrates an additional important point: inconsistent recovery of 
ddRAD loci across samples may result from laboratory failures unrelated to size 
selection. Despite generating 2+ million reads per sample, I obtained highly uneven 
representation of the targeted loci and observed a pattern of seemingly random “dropout” 
throughout the selected size range (Figure 3.8). To reduce library preparation time and 
costs, I pooled the RAD6 samples after ligation and prior to size selection, but I suspect 
the poor performance of this run was due primarily to reducing the quantity of input 
genomic DNA per sample (from 1 µg to 100 ng) combined with inefficient recovery 
during one or more purification steps prior to PCR amplification. Note that a tiny fraction 
of the genome may be represented in a ddRAD-seq fragment library: for example, ten 
thousand ~250 bp loci represent only ~0.2% of the zebra finch genome. With my 
protocol, 100 ng of genomic DNA yields only 0.2 ng of ligated fragments in the selected 
size range, assuming 100% efficiency. Degraded input DNA, inefficient digestion or 
ligation reactions, and/or poor recovery during size selection may further reduce the 
quantity of DNA taken into the PCR step. In more recent work (Stryjewski et al., in 
prep.), I have achieved results comparable to RAD10 and subsequent runs when pooling 
batches of 12 samples prior to size selection; in these runs, I have digested ~1.0 µg of 
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genomic DNA per sample and then used qPCR to quantify the concentration of 
successfully ligated fragments in each sample before pooling equimolar amounts. 
A final factor generating inconsistent recovery of loci among samples is 
restriction enzyme star activity (i.e., cutting at non-canonical recognition sites). By 
comparing my empirical zebra finch data to the reference genome, I discovered a 
considerable level of star activity (even when using “high fidelity” versions of the 
enzymes) concentrated at sites with a mismatch in the first or last base of the recognition 
sequence (Figure 3.4). Comparison to another recent study (Kamps-Hughes et al. 2013) 
suggests that the specific patterns of non-canonical activity may vary with restriction 
enzyme and flanking sequence. In my study, star activity generated a large number of 
“extra” loci sequenced at low depth (typically one or a few reads), and, for the most part, 
these loci were non-overlapping among samples and inconsequential for downstream 
analysis. At other loci, however, star activity may result in the recovery (at low depth) of 
alleles that would otherwise be null alleles (due to restriction site polymorphisms, see 
below); this presents complications both for the detection of null alleles and for the 
potential use of presence-absence data in phylogenetic or other analyses. 
 
Biases and challenges related to natural genetic variation 
GBS methods are sometimes portrayed as providing a “random” sample of loci across the 
genome, but my analysis clearly demonstrates the interaction between choice of 
restriction enzymes and the number loci recovered from different parts of the genome. 
While my method, and any other method based on restriction enzymes, broadly samples 
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the genome, it does not randomly sample it. My use of SbfI, which has a recognition 
sequence that is 75% GC, as the less frequent cutter resulted in an over-representation of 
loci with higher average GC content than the genome as a whole and up to four-fold 
over-representation of loci on the relatively small, GC-rich avian microchromosomes 
(Figure 3.5B-C). The higher rate of sequence evolution on these chromosomes (Axelsson 
et al. 2005; Ellegren 2007) also resulted in a higher ratio of variable to constant loci with 
increasing GC content (Figure 3.5D).  
Recovery of loci in all GBS methods is influenced by restriction site 
polymorphisms, which generate null alleles (Lynch & Milligan 1994) or, more 
optimistically, presence-absence polymorphisms. With ddRAD-seq, null alleles are likely 
to be more frequent than in the original RAD-seq method because mutations at either 
recognition site can result in the gain or loss of a given locus. Null alleles result either in 
missing data, in the case of homozygous individuals, or heterozygous individuals 
erroneously scored as homozygotes. Given sufficient population sampling and 
sequencing depth, loci with null alleles at an appreciable frequency can be identified and 
removed from analyses; for such loci, observed genotypes will deviate from Hardy-
Weinberg expectations, and sequencing depth for true homozygotes will be higher than 
for individuals with one copy of the null allele (Figure 3.12). This approach, however, 
will not be effective for loci recovered at low depth. Likewise, substantial variation in 
depth across loci (see above) makes differences in average depth among locus an 
ineffective tool for detecting loci with null alleles (see Gautier et al. 2013). One 
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conservative approach to reducing potential bias due to null alleles is to use only those 
loci recovered in all samples. 
Gautier et al. (2013) used simulations of RAD locus evolution to conclude that 
null alleles (or allele drop out, ADO) result in a counterintuitive upward bias on estimates 
of both genetic diversity and population divergence. Their simulation, however, modeled 
only the loss of existing RAD loci, such that restriction site mutations tended to reduce 
the observed frequency of ancestral (and more common) SNP states in the flanking 
sequence while increasing rare allele frequencies (Gautier et al. 2013). In real data, null 
alleles may be either ancestral or derived, so the generality of this finding is uncertain. As 
noted above, ddRAD loci provide a biased sample of the genome and will thus provide a 
biased estimate of genome-wide nucleotide diversity; as has long been standard 
procedure in molecular ecology, estimation of demographic and historical parameters 
will require calibration specifically for the loci under study. 
The frequency of null alleles increases with population size and mutation rate (θ = 
4Neµ) and, in comparisons between populations or species, with population divergence 
(Gautier et al. 2013). This limits the potential utility of restriction-enzyme-based methods 
for comparative or phylogenetic analyses involving highly divergent taxa, but it also 
presents an opportunity to use presence-absence data as a source of informative 
characters. Analysis of presence-absence data will require successful library preparation 
and good representation of loci across the selected size range. Two metrics that may be 
useful in evaluating the quality of library preparation when distantly related samples are 
included in the same study are: 1) within sample variation among loci in read depth for a 
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core set of loci found in all samples, and 2) variation among samples in the total number 
of clusters (i.e., putative loci) with sequencing depth between appropriate minimum and 
maximum thresholds (scaled to the total number of reads for each sample). Samples with 
a smaller number of putative loci and/or greater variation in depth across loci are likely to 
be missing loci due to problems with fragment library preparation rather than natural 
variation. 
In addition to restriction site polymorphisms, I note a number of other situations 
in which natural polymorphism generates either null alleles or variation in the length of 
alleles, and in turn variation in sequencing depth due to amplification bias. When using 
ddRAD-seq, an indel of sufficient length can move an allele out of the selected size range 
and generate a null allele even if both restriction sites are conserved. In other cases, both 
alleles are recovered but may differ substantially in length, and therefore sequencing 
depth. I also noted loci with polymorphisms in either SbfI or EcoRI sites, but alternative 
alleles that were nonetheless recovered due to nearby restriction sites that generated 
alleles of different length. A similar effect is observed in the original RAD-seq method, 
in which gain or loss of restriction sites over an ~10 kb range influences the efficiency of 
hydroshearing and in turn allelic variation in sequencing depth (Davey et al. 2013). 
 
Computational challenges 
While the intent of this study is not a thorough evaluation of the bioinformatics 
components of ddRAD-seq, I briefly note some issues that influence the extent to which 
homologous loci are recovered across a set of samples. RAD-seq reads may either be 
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mapped to a reference genome or clustered de novo into putative loci based on an 
essentially arbitrary threshold of sequence similarity. A lower threshold may result in 
increased clustering of paralogous loci, whereas a higher threshold may result in failure 
to cluster divergent alleles. In initial analyses, I noted that alleles differing by a long indel 
often failed to cluster, an issue I addressed by merging clusters with identical or nearly 
identical BLAST hits. Given the likelihood of indels resulting from both sequencing error 
and natural polymorphism, multiple sequence alignment for each putative locus is an 
essential step in the process. My current genotyping code also implements a gap-coding 
algorithm, so that each unique indel, regardless of length, is scored as a single presence-
absence character. The computational approach I used for the analyses here is in other 
respects generally similar to that of Peterson et al. (Peterson et al. 2012), including the 
retention of singleton sequences that may contain random errors but are nonetheless 
informative at genuinely polymorphic positions, and a focus on counting distinct 
haplotypes within each individual and comparing those counts with Mendelian 
expectations.  
 
 
 
Conclusions 
Direct comparison of empirical ddRAD-seq data from a zebra finch sample with 
predictions from the reference genome reveals unexpected carryover of small fragments 
through the size selection process, amplification biases associated with fragment length 
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and GC content, and overrepresentation of genomic regions with high GC content. These 
effects are consistent across samples, generating strongly correlated variation among 
samples in per locus sequencing depth. Preliminary data for indigobirds shows that my 
method recovers a large and broadly overlapping set of loci across individual samples 
and sequencing runs, generating sufficient sequence data to genotype 5,966 loci in all 46 
samples and 9,833 loci in 42 of 46 samples (>90%), thresholds that are more stringent 
than applied in other recent studies seeking to recover robust genotypic data for most 
individuals (e.g., Hohenlohe et al. 2012; Peterson et al. 2012; Catchen et al. 2013). For 
the core set of 5,966 loci, median depth per sample per locus is sufficiently high that bias 
in estimating population genetic parameters such as the site frequency distribution should 
be minimal (Han et al. 2014). Given good success with ~500K sequence reads per 
sample, there is ample opportunity to increase the number of multiplexed samples using 
“combinatorial indexing” (Peterson et al. 2012). Thus, ddRAD-seq is an increasingly 
cost-effective approach for generating robust data for a sample of genomic loci and is 
well suited for those applications in molecular ecology not requiring dense sampling of 
the genome. Indeed, with increased multiplexing, ddRAD-seq will likely become an 
attractive and highly powerful replacement for microsatellite loci in paternity analyses, 
for example. 
As noted above, I designed my method with the intention of generating robust 
genotypic data for a consistent set of loci across samples. Other GBS approaches yield 
data for a larger fraction of the genome and/or a larger number of individual samples, but 
with lower sequencing depth per locus. Indeed, it has recently been argued that 
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sequencing at a depth of ~1x per locus per individual and otherwise maximizing the 
number of individuals sampled is the optimal design for maximizing information about 
population genetic parameters using Bayesian approaches (Buerkle & Gompert 2013). 
Pending further evaluation of this provocative result, the nearly complete data matrices 
produced by my method lend themselves to analysis with a broad range of existing 
population genetic models and software. At the same time, data generated by my method 
should be perfectly compatible with statistical approaches, including “direct estimation” 
of population genetic parameters from the data (Han et al. 2014), which may yield 
additional information from those loci recovered at lower average depth. I also note that 
adding additional samples may represent a significant challenge for many studies of 
natural animal populations. Likewise, in other contexts in which there is limited sampling 
of divergent populations and/or closely related species, including phylogenetic 
applications, accurately inferring genotypes and allele frequencies based on incomplete 
information may be impracticable. In these situations, a method generating more robust 
data for individual samples and loci may be desirable. 
Insights resulting from my study, including those related to amplification biases, 
biased genomic representation, size selection, star activity and null alleles, are also 
relevant for understanding potential biases in methods that target a larger number of loci 
at lower depth. Likewise, my laboratory protocol is easily modified to increase the 
number of sampled loci; replacing EcoRI with MseI increases the expected number of 
loci from ~10K to ~100k and replacing both enzymes with PstI and MseI increases the 
predicted number of loci to ~1 million. All three combinations (SbfI-EcoRI, SbfI-MSeI, 
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PstI-MseI) leave the same sticky ends, allowing a single set of bar-coded adapters to be 
used in a wide range of studies. 
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Table 3.1. Examples of genotype-by-sequencing (GBS) methods using restriction 
enzymes and high throughput DNA sequencing to select, sequence and genotype a 
large set of loci across multiple samples. 
Method 
# 
enzymes 
Expected 
# of loci* Further reduction steps Reference 
Complexity Reduction of 
Polymorphic Sequences (CRoPS) 2 45,440 Pre-selective amplification 
van Orsouw et 
al. 2007 
Restriction-site Associated DNA 
Sequencing (RAD-seq) 1 70,569** None Baird et al. 2008 
Modified CRoPS 2 292,165 
Pre-selective amplification, 
size selection 
Gompert et al. 
2010 
Multiplex Shotgun Genotyping 
(MSG) 1 593,397 Size selection 
Andolfatto et al. 
2011 
Genotype-by-sequencing (GBS) 1 219,256 None 
Elshire et al. 
2011 
Modified RAD-seq 2 6,258 Size selection 
Hohenlohe et al. 
2012 
Modified GBS 2 83,013 Size selection 
Parchman et al. 
2012 
Double-digest RAD-seq (ddRAD-
seq) 2 9,277† Size selection 
Peterson et al. 
2012 
Modified GBS 2 445,358 None 
Poland et al. 
2012 
Sequence-Based Genotyping 
(SBG) 2 or 3 676,355 Third enzyme 
Truong et al. 
2012 
Type IIB RAD-seq 1 27,048†† Type IIB enzyme 
Wang et al. 
2012 
*To facilitate comparison, the expected number for each method is estimated for the 
zebra finch genome based on the specific restriction enzymes and other parameters (e.g., 
size selection) used in each study. 
**With SbfI enzyme. 
†With “narrow” size range (see Peterson et al. 2012). 
††With selective adapters. 
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Table 3.2. Effect of restriction enzyme choice on number of ddRAD loci.  
Second Enzyme Recognition Sequence P1/P1 fragments ddRAD loci 
SalI G^TCGAC 1,404 178 
AgeI A^CCGGT 1,399 561 
EagI C^GGCCG 1,380 1,040 
NheI G^CTAGC 1,393 1,595 
KpnI GGTAC^C 1,350 2,528 
MfeI C^AATTG 1,377 3,500 
SphI GCATG^C 1,303 4,007 
BamHI G^GATCC 1,273 5,494 
EcoRI G^AATTC 1,249 6,758 
SacI GAGCT^C 1,171 9,264 
NcoI C^CATGG 1,159 14,925 
Based on in silico digests of the zebra finch (Taeniopygia guttata) reference genome. 
Results assume SbfI as the primary enzyme (recognition sequence: CCTGCAGG) and a 
fragment size range of 200-400 bp.  
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Table 3.3. Sequences of adapters and primers used in fragment library preparation. 
Name Sequence 
P1.top 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTC
CGATCTxxxxxxTGCA 
P1.bottom 
Phos xxxxxxAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGT
GGTCGCCGTATCATT 
P2.top* 
Phos AATTAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGA
ACAA 
P2.bottom* 
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCT
CTTCCGATCT 
P2.top† 
Phos AATTAGATCGGAAGAGCACACGTCTGAACTCCAGTCACzzzzzzATCAGA
ACAA 
P2.bottom† 
CAAGCAGAAGACGGCATACGAGATzzzzzzGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT 
RAD1.F AATGATACGGCGACCACCGAG 
RAD2.R CAAGCAGAAGACGGCATACGAG 
Sequences are provided in a 5’ to 3’ direction. 
*P2 adapter sequences used for RAD5 and RAD10. 
†P2 adapter sequences used for RAD14, 16, and 18. 
xxxxxx = barcode. 
Phos = phosphorylation. 
zzzzzz = index. 
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Table 3.4. Genotyping success for 9,833 loci recovered in at least 42 of 46 indigobird 
samples in the “RAD10” run. 
 Constant Loci Variable Loci  
 
46 
samples 
42-46 
samples* 
46 
samples 
42-46 
samples* Total 
Number of loci 2,109 1,283 3,887 2,554 9,833 
Median read depth per sample 45 10 61 8 25 
Total number of genotypes 97,014 59,018 178,802 117,484 452,318 
Number with “low depth” — 14,850 — 33,920 48,770 (10.8%) 
Number of missing genotypes — 1,200 — 3,086 4,286 (0.9%) 
Number with “bad ratio” — — — 811 811 (0.2%) 
Number with “extra reads” — — — 69 69 (0.02%) 
Total missing or “flagged” — 1,200 — 3,966 5,166 (1.1%) 
See Methods for more information on categories of “flagged” genotypes. 
*Includes loci with ≥ one read for at least 42 of 46 samples and no more than 2 “flagged” 
genotypes. 
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Table 3.5. Summary statistics characterizing the performance of multiple 
sequencing runs in recovering a core set of loci. 
Run 
Samples 
(N) 
Depth per 
sample 
(ave ± sd) 
Missing loci 
per sample 
(ave ± sd) 
CV per 
locus depth 
(ave ± sd) 
Loci recovered 
at ≥5x in all 
samples 
RAD5 10 895K ± 51K 38 ± 35 0.27 ± 0.16 5,289 
RAD6 pool 1 10 2,377K ± 459K 732 ± 166 0.71 ± 0.37 2,640 
RAD6 pool 2 10 2,170K ± 140K 2,634 ± 80 1.37 ± 0.81 714 
RAD14 10 1,651K ± 67K 6 ± 1 0.23 ± 0.13 5,740 
RAD16 10 536K ± 53K 46 ± 4 0.26 ± 0.16 5,571 
RAD18 10 929K ± 194K 9 ± 16 0.28 ± 0.07 5,879 
Analysis based on a set of 5,996 loci genotyped in all 46 samples in RAD10 with per 
locus sequencing depth ≥ 5 reads for all 46 samples. 
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Table 3.6. Number of predicted ddRAD loci in the zebra finch genome for 
alternative restriction enzymes and fragment size ranges.  
 Selected Size Range 
 This study: Peterson et al.: 
 38-328 bp 230±24 bp 230±36 bp 
Enzyme Pair (300 bp) (48 bp) (72 bp) 
SbfI-EcoRI (this study) 10,120 1,751 2,613 
EcoRI-MspI (Peterson) 66,672 9,277 14,115 
All reported values are based on in silico digest of the zebra finch reference genome. 
Table compares my “realized” size range (with “small fragment carryover”, see text) with 
two size selection options employed by Peterson et al. (2012). 
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Figure 3.1. Sequencing depth and BLAST results for 17,144 “clusters” (= putative 
loci) in the zebra finch empirical data. 
BLAST results for clusters in each of five sequencing depth categories are shown along 
with the number of clusters in each category. 
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Figure 3.2. Recovery 
and sequencing 
depth for predicted, 
single-copy ddRAD 
loci in the empirical 
zebra finch data. 
(A) Proportion of 
predicted loci 
recovered at three 
different minimum 
depth thresholds as a 
function of predicted 
fragment length. Each 
data point represents 
the proportion of 
~140-220 predicted 
loci recovered in a 
given 10 bp size 
range. Dashed 
vertical lines 
represent the upper 
and lower bounds of 
the size range isolated 
from the agarose gel. 
(B) Sequencing depth 
for recovered (depth 
≥ 1), single-copy loci 
in the 32-500 bp size 
range (includes 5,232 
of 5,783 predicted 
loci in the 38-328 bp 
size range). (C) The 
relationship between 
GC content and sequencing depth for zebra finch ddRAD loci. Data are shown for 
predicted, single-copy loci recovered at a depth ≥ 1 in three selected subsets of the overall 
size range (n = 502, 466, and 445 loci in the 100-125, 200-225, and 300-325 bp size 
ranges, respectively). The predicted length and GC content of each locus are based on the 
full-length fragment in the reference genome, inclusive of the SbfI and EcoRI restriction 
sites on either end. Note that the y-axis is on a logarithmic scale in (B) and (C). 
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Figure 3.3. 
Bioanalyzer results 
comparing results of 
size selection with 
“full width” versus 
“tapered” gel cut. 
A single sample was 
split into equal volumes 
following the digestion 
and ligation steps and 
loaded into separate gel 
lanes. One lane was size 
selected by cutting the 
full width of the lane 
from 300 to 450 bp 
(178-328 bp exclusive 
of adapters), while the 
other lane was excised 
using a tapered cut, 
going from full width at 
450 bp to half the width 
of the lane at 300 bp. 
(A) Overlaid 
bioanalyzer results for 
PCR products from the 
full width and tapered 
cut lanes. Cutting the 
full width of the lane resulted in more template DNA being added to the PCR and higher 
PCR product concentrations. The small fragment carry carryover effect (i.e., fragments 
smaller than the size range being selected) is evident at insert sizes ~40-180 bp. (B) 
Proportion of total signal versus size (shown for the relevant size range). The tapered cut 
resulted in proportionally less signal for insert sizes ~180-250 bp, and proportionally more 
signal for insert sizes ~250-330 bp compared to the full width cut. 
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Figure 3.4. Sequencing depth for single copy ddRAD loci in relation to the 
corresponding sequence in the zebra finch reference genome. 
Categories from top to bottom include: loci mapping as expected to predicted SbfI-EcoRI 
restriction fragments ≤ 328 bp in length; all loci beginning at a genomic location similar 
but not identical to the canonical SbfI recognition sequence (1-4 mismatches); subset of 
loci with one mismatch in position 1 or 8 of the SbfI recognition sequence; subset of loci 
with one mismatch in positions 2 through 7 of the SbfI recognition sequence; loci 
mapping to a genomic SbfI site without an EcoRI site within 328 bp; and loci mapping to 
a predicted SbfI-SbfI restriction fragment less than 328 bp in length. 
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Figure 3.5. Genomic distribution of indigobird ddRAD loci based on BLAST results 
against the zebra finch reference genome. 
Includes 7,819 loci that had one or a “best” BLAST hit and were genotyped in at least 42 
of 46 samples (n = 5,045 variable loci, n = 2,774 constant loci). Data for the “chrUn” 
contig and small contigs with no BLAST hits (e.g., “chr16”, “LG2”, “LG5”) are 
excluded. (A) The number of loci mapped to each chromosome as a function of 
chromosome length. (B) The density of loci as a function of chromosome length. (C) The 
density of loci as a function of chromosome GC content. (D) The proportion of loci that 
was variable as a function of chromosome GC content. The Z-chromosome is indicated 
by a red point in each panel and was not used in regression analyses. 
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Figure 3.6. Read counts for indigobird ddRAD loci with a single bi-allelic SNP. 
Data are shown for 1,721 loci recovered in all 46 indigobirds in the RAD10 sequencing 
run (n = 79,166 genotypes). The area of data points is proportional to the number of 
individual genotypes at each coordinate. Read counts for heterozygous genotypes (n = 
11,761) were consistent with random sampling from a binomial distribution with 
probability 0.5 (i.e., Mendelian expectations), resulting in a strongly trimodal distribution 
of read counts. Most homozygous genotypes (n = 67,405) were based on 100% of reads 
(light grey) matching one of the two alleles at a given locus; only 64 genotypes (0.09%) 
scored as homozygous had one or more high quality reads (magenta) matching the 
alternative allele.  
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Figure 3.7. Comparison of indigobird ddRAD results to population genetic 
expectations. 
(A) Number of heterozygotes and (B) number of homozygotes for the rare allele versus 
rare allele frequency for 1,721 loci with a single bi-allelic SNP. The area of data points is 
proportional to the number of individual genotypes at each coordinate; observed 
relationship (sold lines), expected (dotted lines). Loci deviating from Hardy-Weinberg 
expectations are highlighted in green and red. (C) Comparison of the empirical allele 
frequency distribution for the same 1,721 loci with neutral expectations for a population 
of constant size. (D) Distribution of polymorphisms among full-length (97 bp) loci 
genotyped in all 46 samples in RAD10 compared to a Poisson distribution, which 
assumes equal evolutionary rates across loci.  
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Figure 3.8. Recovery of indigobird ddRAD loci across individual samples and 
sequencing runs. 
Sequencing depth for 160 selected loci (rows), including 40 loci in each of four narrow 
size ranges, is shown for 10 randomly selected samples (columns) from each of seven 
pooled libraries. The 160 loci illustrated are a subset of the 5,996 loci recovered in all 46 
indigobirds sequenced in the RAD10 sequencing run. Overall sequencing depth for each 
individual sample is show in the bar graph at top. Sequencing depth for each locus is 
indicated by color (see scale at bottom of figure), with red indicating no data. See text for 
more information. 
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Figure 3.9. Performance of five 
indigobird ddRAD-seq runs in 
recovering a core set of loci. 
The core set comprises 5,996 loci 
that were genotyped in all 46 
samples in RAD10 with a depth of 
at least five sequence reads per 
sample per locus. (A) The average 
proportion of samples with data 
(sequencing depth ≥1) in each run 
as a function of locus length (n = 
10 samples per run). The length of 
each locus was determined either 
directly from the empirical data 
(for loci shorter than the read 
length) or was estimated from 
BLAST results against the zebra 
finch genome. Predicted lengths 
are subject to some error (see text) 
and were not available for 1,661 of 
these loci. (B) Same as panel (A), 
but showing results only for 
RAD14, 16, and 18 and the upper 
range of the y-axis. 
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Figure 3.10. Correlation of sequencing depth between the reference sequencing run 
(RAD10) and subsequent runs using the same laboratory protocol. 
Based on a core set of 5,996 loci that were genotyped in all 46 samples in RAD10 with a 
depth of at least five reads per sample per locus. Numbers in parentheses below the x-axis 
show the number of loci in each sequencing depth bin. Bar graphs show the average (± 
sd) number of reads assigned to each sample analyzed in subsequent runs (n = 10 samples 
per run). Note that higher overall sequencing depth in RAD14 results in a proportionate 
increase in depth across all loci, with “high depth” loci accumulating additional reads 
more quickly than “low depth” loci. 
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Figure 3.11. Variation among sequencing runs in number of loci recovered as a 
function of total read depth per sample. 
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Figure 3.12. Per sample sequencing depth for a locus with a null allele. 
Despite relatively high depth per sample, there are seven samples with zero reads. If I 
assume that these samples are homozygous for a null allele then the population frequency 
of the null allele is ~0.39 (square root of 7/46), and the frequency of all other alleles is 
~0.61. The expected frequency of heterozygotes with one null allele (which will appear 
to be a homozygotes) is 0.48 (2*0.39*0.61). I therefore expect ~22 (48%) of the 46 
samples to be false homozygotes (i.e., heterozygotes with the null allele) and to have 
lower sequencing depth than other samples. The green bars indicate the 24 samples with 
the lowest sequencing depth, all of which are lower than any of the known heterozygotes 
(blue). Homozygotes with relatively high sequencing depth (red) comparable to known 
heterozygotes are likely to be homozygous for the sequenced allele. 
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CHAPTER 4. ANALYSES OF POPULATION STRUCTURE AMONG THE 
INDIGOBIRDS OF TANZANIA USING MORPHOMETRIC, COLOR, AND 
GENOMIC DATA 
 
 
INTRODUCTION 
 
The plausibility of divergence with gene flow, including the potential for sympatric 
speciation, has been hotly contested since the modern synthesis (Mayr 1942, 1963; 
Maynard Smith 1966; Bush 1969; Felsenstein 1981; Feder et al. 1988; Berlocher & Feder 
2002). While gene flow results in the homogenization of genomes and impedes 
divergence, theoretical and empirical evidence support scenarios in which portions of the 
genome experience reduced recombination due to natural selection and/or genomic 
architecture despite ongoing gene flow (Pinho & Hey 2010). Important examples in this 
field include studies of speciation by host shift in phytophagous insects, in which 
switches to novel hosts result in divergence despite potential introgression between 
parental and newly established host races (Berlocher & Feder 2002).While host-specific 
insects may constitute a substantial fraction of all animal species (Bush & Butlin 2001), 
examples of speciation by host shift in vertebrates are comparably rare. Notable 
exceptions include some sponge-dwelling shrimp (Duffy 1996), coral-dwelling fish 
(Munday et al. 2004), and African brood parasitic finches (Sorenson et al. 2003), systems 
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in which individuals display strong host specificity and fidelity, but in which colonization 
of a novel host may result in reduced competition and divergence from conspecifics. 
In the brood parasitic indigobirds (Vidua spp.), host fidelity is established and 
maintained by behavioral imprinting. While being reared by heterospecific hosts, young 
indigobirds imprint on the vocalizations of their foster parents, and adult males 
incorporate mimicry of these songs into their vocal repertoires (Nicolai 1964; Payne 
1973; Payne et al. 1998). While female indigobirds do not sing, they prefer to mate with 
males that mimic the songs of their respective hosts, and to parasitize nests of the same 
species that raised them (Payne et al. 2000). This behavioral imprinting, therefore, also 
results in assortative mating among indigobird species, which have evolved diagnosable 
patterns of plumage and soft parts coloration. Selection imposed by hosts may also favor 
host fidelity. Indigobird hosts (all of which are finches in the family Estrildidae) produce 
chicks with relatively elaborate and species-specific mouth markings that are displayed 
when begging, and many indigobird species produce chicks that mimic the markings of 
their respective hosts with remarkable accuracy (Nicolai 1964; Payne 1973, 2005). 
Selection against parasitic chicks that are morphologically disparate from the host may 
reduce the frequency of successful host switches, although experimentally manipulated or 
cross-fostered chicks appear to suffer only slight reductions in growth rates and survival 
to fledging (Payne et al. 2000; Payne et al. 2001; Schuetz 2005). Therefore, imperfect 
nestling mimicry is not an absolute barrier to the colonization of new hosts, making 
speciation by host shift plausible in indigobirds. Nonetheless, mouth markings as well as 
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other potential axes of host-specific adaptation may favor switches between 
morphologically, behaviorally, and/or ecologically similar hosts (Sorenson et al. 2004). 
 Inherent to any model of speciation by host shift is the occasional colonization of 
novel hosts, which requires some level of imperfect host fidelity at the individual level. 
The same mechanism can lead to introgression if individuals shift to a host that is already 
associated with another parasitic species. In indigobirds, the adult behaviors that result 
from imprinting and potentially lead to speciation also provide a ready mechanism for 
hybridization among species. If a female lays an egg in the nest of an alternative host that 
is already parasitized by another indigobird species, then her offspring will imprint on the 
songs of this host and likely hybridize with its respective parasites. Notably, adult males 
resulting from such “mislaid” eggs can in some cases be recognized by a mismatch 
between their morphology (i.e., plumage and soft parts color) and host mimicry. That is, 
they produce unexpected mimicry songs based on their morphology. In southern Africa, a 
survey of 494 males found that 490 (99.2%) produced songs that were consistent with 
their morphology (Payne et al. 1992). While this strong association between morphology 
and host mimicry suggests remarkably strong host fidelity on the part of indigobird 
females, the 0.8% of individuals that likely attract or are attracted to another indigobird 
species could result in an appreciable level of gene flow among species. Therefore, it is 
not clear to what extent the morphological and genetic similarity among indigobird 
species (Payne 1973; Sorenson et al. 2003; Sefc et al. 2005) is explained by recent 
divergence from a common ancestor or ongoing introgression. 
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 I investigated this uncertainty by analyzing morphometric, color, and genomic 
data from the four indigobird species that occur in the United Republic of Tanzania 
(Payne et al. 1992). Although each species mimics the songs of a unique host, without 
familiarity of host songs the identification of these indigobirds in the field is complicated 
by morphological similarities among species (Table 4.1) and poor knowledge of their 
relative distributions. One species, V. chalybeata, has two morphologically distinct 
subspecies that are found east (V. c. amauropteryx) and west (V. c. centralis) of the 
Eastern Arc Mountains. Vidua c. amauropteryx is the only indigobird lineage with a red 
bill, and is thus easily identified in the field, whereas V. c. centralis and V. codringtoni 
have similar morphologies (i.e., blue-green plumage, white bills, and red-orange legs). 
Vidua funerea and V. purpurascens are effectively indistinguishable in the field based on 
morphology, but can be identified based on mimicry of their respective hosts. Studies of 
both morphological (Payne 1973; Payne et al. 1992) and genetic (Sorenson et al. 2003; 
Sefc et al. 2005) variation among these species revealed minimal differentiation among 
species, poor resolution of their population structure, and recent evolutionary history. 
Also, multi-locus coalescent analyses indicate that southern and East Africa was 
colonized by indigobirds in West Africa during the Late Pleistocene (Sorenson, 
unpublished data), and this founder event/bottleneck was followed by population 
expansion. This recent common ancestry makes it difficult to detect if these species are 
culturally isolated (i.e., assortatively mating based on host imprinting) or interbreeding. 
Here, I greatly expand the sampling of indigobirds from Tanzania, use robust 
statistical tools to analyze morphometric and color data, and harness “double-digest” 
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restriction site-associated DNA sequencing (ddRAD-seq) to collect polymorphism data 
from thousands of markers spread across the genome (see Chapter 3). By employing a 
study design (see Methods) in which each species was sampled in two localities where 
they are sympatric with other species, I tested whether morphometric, color, and genomic 
variation is best explained by host identity or sampling locality. If host identity best 
explains variation across the landscape then there is evidence that species are culturally 
isolated, host-specific traits are under diversifying selection, and meta-population 
connectivity has resulted in species cohesion. Conversely, if sampling locality best 
explains variation then it is likely that local introgression is common and/or 
environmental heterogeneity and phenotypic plasticity results in morphological 
convergence among species. Importantly, these alternatives approximate the ends of a 
continuum, and multiple factors (e.g., population size, strength of selection, geographic 
barriers, degree of sympatry, degree of phenotypic plasticity plasticity) have likely 
influenced the genetic and morphologic evolution of these species. 
 
METHODS 
 
Sampling 
Fieldwork was conducted in the United Republic of Tanzania in April and May of 2008 
and 2009, during which time male indigobirds were defending territories and actively 
singing and courting females. Only males were sampled because female indigobirds do 
not advertise the identity of their foster species through vocal mimicry. All males were 
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recorded before being captured with a mist net using song playback, and the host 
association of each male was inferred by identification of mimicry in these song 
recordings. At least two species were sampled in each of three political regions: Iringa, 
Morogoro, and Ruvuma. The Iringa region is west of the Eastern Arc Mountains on the 
high central plateau, whereas the other two regions are at lower elevation to the east or 
south of these mountains (Figure 4.1). I sampled genetic material (muscle or blood) from 
132 individuals for this study, and gathered morphometric and plumage color data for the 
subset of samples (n = 118) that were collected as voucher specimens (Table 4.2). 
 
Morphometric analyses 
The following measurements were taken for each male: mass (grams), flattened wing 
length (mm), tail length (inner tail feather; mm), tarsus length (mm), bill length (mm), 
bill width (mm), and bill depth (mm). Tarsus and bill measurements were taken from 
dried specimens at Boston University using digital calipers (0.003 mm accuracy), 
whereas mass, wing, and tail measurements were taken from live birds in the field. Since 
many of these measurements are correlated, data were reduced with a principal 
components analysis (PCA) using the prcomp function (stats package) with 
scaling=TRUE in R v2.15 (Team 2012). Using the first three principle components 
(PCs), I tested whether host identity or sampling region better explained variation in body 
size using an analysis of variance (ANOVA); a host*region interaction term was included 
in each model. ANOVAs were conducted in R with the Anova (car package) and aov 
(stats package) functions using type II sum of squares calculations. The Anova function 
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also provides a measure of effect size (eta-squared: η2) for each factor. The Tukey-
Kramer post-hoc test (Tukey 1953, Kramer 1956) was used to determine significant 
pairwise comparisons within factors with the TukeyHSD function (stats package). 
 
Color analyses 
I collected color data on both soft parts (bill and legs/feet) and plumage. Categorical soft 
part observations were collected in the field upon capture. Although red coloration of soft 
parts varies in hue (red to orange), this variation in fairly continuous and difficult to 
differentiate by eye. I therefore categorized bills as either white or red, and legs/feet as 
either pale or red. Plumage color was quantified from specimens at Boston University 
using an Ocean Optics USB2000 spectrophotometer, Analytical Instrument Systems 
Mini-DT1000 light source, and Ocean Optics SpectraSuite v1.0 software. Barium sulfide 
was used as a white standard, and a dark room was used as a dark standard. All 
specimens were measured on the same day to minimize variance in instrument 
performance. Consistent distance (6.5 mm) and angle (90º) between the reflectance probe 
and specimens was achieved by fitting a cut pipette tip covered with black electrical tape 
around the probe. Given the dark plumage colors of indigobirds, measurements were 
collected with an integration time of 100 ms, average of 10 scans, and a boxcar width of 
10. Exploratory measurements revealed that plumage color is nearly uniform across the 
body of indigobirds, but ten measurements from each specimen were recorded (five from 
the breast and five from the back). A custom Python script was used to smooth 
reflectance data over 1 nm intervals between 320-700 nm wavelengths, with additional 
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smoothing from 650-670 nm to remove a spurious peak generated by the instrument. 
Variance among replicate readings was assessed with box plots, and outlier readings were 
sequentially removed until all replicates were within 1.5x of the interquartile range (see 
Montgomerie 2006). Another Python script was used to analyze replicate readings for 
each specimen and output average estimates of the brightness (total reflectance), hue 
(wavelength of maximum reflectance), and chroma (proportion of total reflectance) for 
bins of wavelength: ultraviolet (320-415 nm), blue (416-510 nm), green (511-605 nm), 
and red (606-720 nm). Measurements for these six continuous and two categorical (i.e., 
soft parts) color variables were reduced with a PCA using the FactoMineR package in R 
(Le et al. 2008). ANOVAs on the first three PCs were completed as described above. 
 
Genomic analyses 
Genetic material was obtained by collecting either tissue (pectoral muscle, heart, and 
liver preserved in salt-saturated dimethyl sulfoxide buffer; see Seutin et al. 1991) or 
blood (preserved using Whatman FTA cards) samples from each bird. Ten samples 
comprising eight species of whydahs (Vidua spp.) were included as outgroups to allow 
the inference of ancestral versus derived character states. Genomic DNA (gDNA) was 
extracted from each sample using a Qiagen DNeasy Tissue Extraction Kit following the 
manufacturer’s protocol. Genomic polymorphism data was collected using the ddRAD-
seq protocol outlined in Chapter 3, which is briefly described here. First, gDNA (~1.0 µg) 
was digested with 10 U each of the SbfI (TGCA overhang) and EcoRI (AATT overhang) 
restriction enzymes. Illumina TruSeq-compatible adapters that include sample-specific 
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combinatorial indices (Peterson et al. 2012) were then ligated to the overhangs of the 
digested DNA. A “divergent-Y” adapter was ligated to the more common EcoRI 
overhang to prohibit the downstream amplification of fragments produced by adjacent 
EcoRI cut sites. Fragments ranging in size from 300-450 bp (inclusive of adapters) were 
size selected using gel electrophoresis, although fragments as small as ~150 bp were 
consistently recovered in all samples (see Chapter 3). Size-selected fragments were then 
PCR amplified and purified using solid phase reversible immobilization beads. The 
concentration of purified products was estimated with a KAPA Biosystems quantitative 
PCR (qPCR) kit, and individual, barcoded samples were pooled in equimolar 
concentrations. Multiplexed libraries were sequenced across three sequencing runs on an 
Illumina HiSeq 2000 instrument. 
 Illumina data were processed using a custom pipeline (available at 
https://github.com/BU-RAD-seq) comprised of python scripts and other freely available 
software (see Chapter 3 for details). Briefly, reads were parsed to individual samples 
based on barcode/index sequences, identical reads within each sample were collapsed, 
retaining the number of reads as a weight in downstream analyses. Low quality reads 
were identified using Reads for each sample were clustered at 90% identity using the 
UCLUST function in USEARCH v5 (Edgar 2010). Clusters containing only one read 
were screened for quality, and those with average Phred scores <20 were discarded. 
Filtered data from all samples were then combined, and similar sequences (>85% 
identity) were clustered into putative loci using UCLUST. A representative read from 
each cluster was aligned to the zebra finch (Taeniopygia guttata) reference genome using 
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BLASTN v2.2.25 (Altschul et al. 1990), and clusters producing a hit to the same or 
nearly the same genomic position were combined (see Chapter 3). Sequences within each 
cluster were aligned using MUSCLE v3.8.31 (Edgar 2004), and the individual samples 
within each cluster (i.e., putative locus) were genotyped using the RADGenotypes.py 
script. Loci (n = 4461) that were recovered and genotyped (i.e., five or more reads for 
homozygotes and at least two reads for each allele in heterozygotes with read depths 
fitting binomial expectations, see Chapter 3 for more details) in all indigobird samples 
were selected for downstream analyses. Missing data for these loci were allowed for 
outgroup samples. 
 For ingroup samples, a data matrix was generated in which each unique haplotype 
(i.e., allele) at a given locus was assigned a different number, such that each individual’s 
genotype was specified by two numbers, which were identical for homozygotes. Note 
that all samples analyzed were male indigobirds, such that two alleles were expected for 
Z-chromosome as well as autosomal loci. The matrix, in STRUCTURE (Pritchard et al. 
2000) format, was imported into R using the read.structure function (adegenet package). I 
then conducted a PCA on these data using the dudi.pca function (ade4 package) with 
settings of center=TRUE and scale=FALSE. ANOVA analyses were then performed on 
each of the first three PCs as described above for morphometric analyses. 
 I also explored genetic clustering of samples and mixed ancestry of all individuals 
using the adegenet package in R and the program STRUCTURE v2.3.2.1. In both 
analyses, no a priori group information was used, meaning that cluster assignments were 
derived from the data. Using the adegenet package, I conducted a discriminate analysis of 
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principal components (DAPC). This analysis first assigns samples to a user-defined 
number of clusters (k) with a k-means method (find.clusters function) and all PCs. The 
dapc function then uses a subset of PCs to perform a discriminate analysis of genetic 
clusters. Increasing the number of PCs in the DAPC increases discriminatory power, but 
can also lead to over-fitting the discriminate function model. I therefore used the a-score 
(optim.a.score function), which is a measure successful reassignment compared to 
random groups, to choose the optimal number of PCs in each DAPC analysis. Separate 
DAPC analyses were conducted for k = 2 to 6 genetic clusters. The DAPC output 
includes cluster membership probabilities for each individual, which allow possible 
admixture to be detected. STRUCTURE uses a model-based clustering method to assign 
individuals to a defined number of clusters, and can also estimate the probability of 
mixed ancestry for individuals (i.e., assignment to multiple clusters). STRUCTURE was 
run with k = 1 to 6, with four replicate runs at each k setting. Runs were conducted with 
10,000 burn-in steps followed by 200,000 steps, and convergence among runs was 
assessed using STRUCTURE HARVESTER (Earl & Vonholdt 2012). If three of the runs 
did not converge on similar likelihood scores then additional runs were performed until 
this was achieved. For each level of k, results for the three runs with the highest 
likelihood scores were aligned with CLUMPP v1.1.2 (Jakobsson & Rosenberg 2007). 
 I also assessed local genetic structure and mixed ancestry by performing separate 
STRUCTURE analyses using samples from each region. The number of species present 
in each region was used to set the level of k in each analysis (i.e., k = 2 in Iringa, k = 3 in 
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both Morogoro and Ruvuma). Three replicates were completed for each analysis, with 
run lengths and post-run data processing completed as described above. 
 
RESULTS 
 
Morphometric analyses 
The first three principal components explained 36.8%, 18.7%, and 14.6%, respectively, 
of the variance in the morphometric data. The first principal component (PC) reflects 
variation in overall body size, with positive loadings for all variables, while the 
remaining components contained a mixture of positive and negative variable loadings 
(Table 4.3). In general, ANOVAs of these PCs found that both sampling region and host 
species significantly explain a portion of the variance in morphology (Table 4.4). For 
PC1, region had a larger effect size than host species (η2 0.22 and 0.14, respectively), 
although both factors were significant (Table 4.4) The Tukey-Kramer post-hoc test 
revealed that all three regions were significantly different, with the largest difference 
between Iringa and Morogoro (Figure 4.2). Both host species and sampling region were 
also significant effects in the PC2 ANOVA (Table 4.4), but host (η2 = 0.12) had a larger 
effect size, with significant differences between V. funerea and both V. chalybeata and V. 
codringtoni (Figure 4.2). Only host species was a significant effect in the PC3 ANOVA, 
but with an η2 below 0.1. 
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Color analyses 
The first three principal components in the color PCA explain 57.8%, 19.6%, and 11.4%, 
respectively, of the variation in color variables, with a mixture of positive and negative 
loadings for each PC (Table 4.5). In general, host species explained more variation in 
indigobird color measurements than sampling region (Table 4.4). Host species was the 
only significant effect in the PC1 model, and had a large effect size (η2 = 0.82). The 
Tukey-Kramer test revealed that all species were different in mean PC1 score except for 
V. chalybeata and V. codringtoni (Figure 4.3). All three effects were significant in the 
PC2 ANOVA. Host species again had the largest effect size (η2 = 0.17), with 
significantly different means between all species except V. chalybeata and V. 
purpurascens. All three effects were also significant in the PC3 ANOVA, but with 
sampling region having the largest effect (η2 = 0.57). The greatest regional difference in 
PC3 was between Iringa and Morogoro (Figure 4.3). Notably, one V. chalybeata sample 
(JMD1326) from Iringa was a clear outlier compared to conspecifics sampled from the 
same region (Figure 4.3). While conspecifics in this region had red legs and plumage 
with a greenish sheen, this individual had pale legs and plumage with a blue sheen. The 
color of this specimen was a closer match to sympatric V. funerea (Figure 4.4), and 
genetic analyses (see below) reveal that this individual has a history of admixture. 
 
Genomic analyses 
Over 141 million ddRAD-seq reads were generated for the 132 samples in the study 
(1,070,551 ± 437,052 reads per sample; ave ± sd). Bioinformatics of these data generated 
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4461 loci that were unambiguously genotyped in all 132 individuals (i.e., both alleles 
were confidently called in all samples for these loci). 2680 of these loci were variable, 
with an average of 2.8 haplotypes per locus (range: 2-10). Genomic differentiation was 
minimal among both species (Table 4.6; overall ΦST = 0.018) and regions (Table 4.7; 
overall ΦST = 0.019). Among species, V. chalybeata and V. codringtoni had the largest 
divergence (ΦST = 0.026), whereas V. funerea and V. purpurascens had the least 
differentiation (ΦST = 0.008). 
The first three principal components explained 2.5%, 2.4%, and 1.8%, 
respectively, of the variance in ddRAD loci. ANOVAs of all three PCs produced highly 
significant effects for host, region and the interaction term (host*region) (Table 4.4). 
Host identity had the largest effect size in the PC1 and PC3 ANOVAs, whereas region 
had the largest effect in the PC2 ANOVA. The post-hoc Tukey-Kramer test of mean PC1 
scores showed that all species could be differentiated except V. funerea and V. 
codringtoni, with the largest differences between V. chalybeata and all other species 
(Figure 4.5). Variation in PC2 scores was best explained by region, with samples from 
Iringa (west of the Eastern Arc Mountains) being most distinct. Finally, host identity had 
the largest effect size for PC3, with samples of V. funerea being most distinct (Figure 
4.5). 
 Independent DAPC analyses with varying values of k revealed that k = 4 was the 
optimal model based on the Akaike information criterion (AIC). The AIC scores for all 
levels of k were similar (Figure 4.6), however, and comparing results for sequential 
values of k can reveal informative patterns in the data (Figure 4.7). In general, results 
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were consistent with those from the PCA in that both host and region effects are evident. 
With k = 2 there is a distinct genetic cluster containing all V. chalybeata samples (except 
for the song-morphology mismatch sample, see above), and when k = 3 the V. chalybeata 
samples from east (Morogoro) and west (Iringa) of the Eastern Arc Mountains were 
differentiated (i.e., V. c. amauropteryx and V. c. centralis samples, respectively). At k = 
4, the V. funerea samples from Iringa form a distinct group. Increasing the number of 
clusters further produced ambiguous results, and, concordant with the PCA of genetic 
data, DAPC could not differentiate samples collected in the Ruvuma region (Figures 4.5, 
4.7). 
 Clustering samples using the genomic data and STRUCTURE produced results 
with the highest likelihood when k = 5 (Figure 4.8), whereas runs with k = 2 through k = 
4 provided results with poor discrimination of clusters (Figure 4.9). Results for the k = 5 
run were consistent between STRUCTURE and DAPC in that separate clusters for the 
two V. chalybeata subspecies, and V. funerea samples from Iringa were identified. 
STRUCTURE results, however, provided some evidence that V. purpurascens samples 
from Morogoro are genetically distinct (Figure 4.9).  
 Separate STRUCTURE analyses for each region revealed varying levels of 
genomic divergence among sympatric species (Figure 4.10). In Iringa, there was 
substantial structure between V. chalybeata and V. funerea samples, with the song-
morphology mismatch sample receiving close to a 50/50 assignment probability to each 
cluster. In contrast, species were not differentiated in Morogoro, perhaps in part due to a 
lack of power resulting from smaller sample sizes in this region. Consistent with PCA 
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and more inclusive clustering analyses, there was little structure among samples within 
the Ruvuma region, although assignment probabilities for V. codringtoni samples were 
distinct from V. funerea and V. codringtoni samples. 
 
DISCUSSION 
 
Indigobirds have a remarkable natural history in which behavioral imprinting on the host 
provides a mechanism for both the colonization of novel hosts and hybridization among 
species. The evolution of a “good” species following host colonization, therefore, hinges 
on the strength of cultural isolation and rates of introgression among species. Isolation 
among sympatric lineages, however, can be facilitated by selection (i.e., host-specific 
adaptations) or ecological factors that reduce the probability of introgression (e.g., 
allochrony in host breeding or micro-allopatry in host habitat preferences). Since the 
indigobirds in East Africa shared a common ancestor in the late Pleistocene (Sorenson, 
unpublished data), there has likely been insufficient time for mutations and genetic drift 
to result in divergence among species. Thus, reliable differences among species (i.e., trait 
differences that are consistent across the distributions of species) more likely the result of 
adaptive variation. In this study I collected replicate geographic samples of each species, 
and tested if species identity (i.e., host association) or sampling locality better explained 
morphometric, color, and genomic variation in the indigobirds of Tanzania. If host 
identity better explained this variation then that would provide evidence that cultural 
isolation and divergent selection has a larger effect than local introgression on trait and 
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molecular evolution of these birds. Conversely, if indigobird populations are genetically 
most similar to other local populations, regardless of host species, then that would 
provide evidence that local introgression is sufficient to overcome the effect of adaptive 
divergence. Additionally, similarities in morphology could be due to phenotypic 
plasticity, and result in divergence among either species (i.e., response to shared host 
environment) or regions (i.e., response to shared local ecological environment). Results 
show that the evolutionary history of indigobirds in Tanzania is more complex than a 
simple dichotomy of either divergence or widespread introgression, and that the tempo of 
divergence among species is likely to vary due to the extent of cultural and spatial 
isolation among indigobirds as well as the breeding ecology of their respective hosts. 
 Results show that V. chalybeata is the most distinct species based on both 
morphology and genomic data (Figures 4.2-4.4, 4.7, 4.9). This species is morphologically 
distinct from all other indigobirds at low elevations (V. c. amauropteryx subspecies), and 
accounted for much of the variation in PC1 scores in ddRAD-seq data. In fact, these 
analyses suggest that the two subspecies of V. chalybeata are more divergent genetically 
than are the other three species in Tanzania (Table 4.8). The finding that V. chalybeata is 
the most divergent indigobird species in the region is consistent with the study of Sefc et 
al. (2005), which produced the same result based on microsatellite data (average pairwise 
ΦST = 0.026 for three species in Zimbabwe). The divergence of V. chalybeata is likely 
related to the ecology of its host, Lagonosticta senegala. While other indigobird hosts in 
Tanzania prefer to nest in grassland-scrub and sparse miombo (L. rubricata and L. 
rhodopareia) or riverine thickets (Hypargos niveoguttatus), L. senegala is most often 
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associated with humans and often nests in thatched roofs (Payne 1973). The ecological 
divergence of L. senegala may provide female V. chalybeata with fewer opportunities to 
parasitize the nests of other species, thus reducing introgression. Allochronic isolation 
may also play a role, as L. senegala and V. chalybeata tend to have longer breeding 
seasons as compared to other hosts-indigobirds (Payne 1973). Therefore, for large portion 
of its breeding season, this is the only available host for V. chalybeata females. 
 Vidua funerea and V. purpurascens are most similar to each other based on 
morphometric, color, and genomic data (Figures 4.2-4.4, 4.7, 4.9). This is particularly 
evident in Ruvuma, where they are sympatric, cannot be differentiated in the field except 
by song, and are genetically indistinguishable (Figures 4.7, 4.9). However, these species 
can be identified based on color (Tukey-Kramer post-hoc test for mean color PC1 values; 
p < 0.001). Since these species had identical categorical colors for legs and bill in the 
model (pale and white, respectively), this result was driven by differences in plumage 
reflectance (Figure 4.11) that are likely difficult to detect with human vision. This 
explains why the species cannot be distinguished in the field, and provides some evidence 
for divergence between these species. The hosts of these species are ecologically similar, 
although L. rubricata (host of V. funerea) prefers wetter habitat than L. rhodopareia 
(Payne 1973; Payne et al. 1992). Payne et al. (1992) noted that these firefinches do not 
generally occur in sympatry except for areas in which their preferred habitats grade into 
each other (e.g., along escarpment gradients). These host species were often in close 
proximity at my sampling sites in Ruvuma, and were also found in close proximity at 
sites in Iringa, although V. purpurascens was not found at Iringa. It is possible that recent 
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changes in land use (e.g., irrigation and agriculture) have broadened the distributional 
overlap of these hosts, and that similarities in the timing of their breeding seasons (Payne 
1973) results in more frequent parasitism of alternate hosts by V. funerea and V. 
purpurascens females. 
 Vidua codringtoni is the only indigobird species in southern/East Africa that does 
not parasitize a firefinch (Lagonosticta spp.). Its host, H. niveoguttatus, breeds in the 
forest interior and riparian thickets, and V. codringtoni likely only interacts with this host 
in areas where riparian corridors are adjacent to grassland/scrub habitat (Payne et al. 
1992). This indigobird species has plumage with a greenish sheen and red-orange legs in 
Tanzania, making it most similar in coloration to V. chalybeata (Figure 4.3). Genetically, 
however, it is most similar to V. funerea and V. purpurascens (Figure 4.4), and these 
species are sympatric in the Ruvuma. Despite the genetic similarity of these three species, 
V. codringtoni individuals in this region have divergent admixture profiles in 
STRUCTURE analyses (Figure 4.10), and maintain a distinct combination of 
plumage/soft parts coloration in this region. This suggests that V. codringtoni does not 
hybridize with sympatric heterospecifics, possibly due to the ecological divergence of its 
host and/or sexual selection (e.g., females prefer mates with a distinct phenotype). 
However, mate choice experiments and/or estimates of gene flow based on genomic data 
are needed to test this hypothesis. 
 Results also show that geography plays a role in structuring phenotypic and 
genomic variation among the indigobirds in Tanzania. Indigobirds from Morogoro were 
significantly smaller in body size compared to those from other regions (Figure 4.2), 
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which may be due to variation in local resources and/or environmental conditions. There 
is also evidence that the Eastern Arc Mountains, separating the East African Plateau of 
the interior from the coastal lowlands, is an important barrier to gene flow for 
indigobirds. Although <200 km apart, samples of V. chalybeata from either side of these 
mountains (Morogoro and Iringa regions) were morphologically and genetically distinct 
(Figure 4.2-4.4, 4.7, 4.9). Relatively divergent V. chalybeata subspecies from these two 
regions may be the result of independent colonizations of L. senegala, and remain 
distinct, at least in part, due to this geographic barrier between them. In northern 
Botswana, however, red-billed and white-billed V. chalybeata appear to be sympatric and 
may hybridize (Payne 1996). Vidua funerea individuals from either side of the Eastern 
Arc Mountains also showed evidence of genome-wide genetic differentiation (Figure 4.4, 
4.7, 4.9), providing further evidence that these mountains form an effective barrier to 
gene flow. Moreover, the V. funera population from Iringa is closer to the sympatric V. 
chalybeata population along the PC1 and PC2 axes, but is more divergent along PC3, 
perhaps indicative of the combined effects of local introgression at neutral loci combined 
with divergent selection maintaining differences at a smaller subset of loci. 
 Collectively, these results provide evidence that the indigobirds of Tanzania have 
a complex evolutionary history, and that phenotypic and genomic divergence, or lack 
thereof, among indigobirds is likely driven by a combination of stochastic, demographic, 
and ecological factors. Cophylogenetic analyses have shown that parasitic finches display 
“clade-limited colonization,” wherein the probability of successful colonization is 
negatively correlated to the phylogenetic distance between potential hosts (Sorenson et 
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al. 2004). One potential reason for this is that distantly related estrildid finches are more 
likely to produce chicks with divergent mouth markings and/or begging behaviors, and 
that the strength of selection against parasitic chicks is positively correlated with the 
degree of host-parasite mismatch in nestling morphology/behavior. Genetic distance 
among estrildid finches may also be positively correlated with the degree of divergence 
in their ecological traits (e.g., habitat preferences, nesting sites, timing of breeding), 
which may also limit the opportunity or likelihood of colonization. If these barriers to 
colonization are overcome, however, then the colonization of a more divergent host may 
promote isolation from the parental lineage due to differences in breeding ecology and 
other traits. Indeed, there is a positive trend between pairwise genetic distances of hosts 
in Tanzania and the genetic divergence of their respective parasites (Figure 4.12). This 
relationship is not significant (Mantel test, Mantel coefficient = 0.07, p = 0.31), however, 
and data from additional species are needed to increase the statistical power of the test. 
Therefore, further study of the breeding biology of hosts, together with investigation of 
the genetics of nestling morphology, may provide insight into the factors shaping the 
evolutionary trajectory of indigobird lineages. 
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Table 4.1. Summary of host and morphology characteristics of indigobird species in 
Tanzania. 
Species Subspecies Host 
Plumage 
sheen color 
Bill 
color 
Leg 
color 
Vidua 
chalybeata amauropterx 
Lagonosticta 
senegala blue red red 
 
 
centralis L.  senegala green-blue white red 
V. codringtoni n/a 
Hypargos 
niveoguttatus green-blue white 
red-
orange 
V. funerea 
 
n/a L. rubricata blue-purple white pale 
V. 
purpurascens 
n/a 
 L. rhodopariea blue-purple white pale 
Data are based on studies by Payne and colleagues (Payne et al. 1992; Payne 1996). 
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Table 4.2. Sample size and locality information for study samples. 
Species Iringa1 Morogoro2 Ruvuma3 
Vidua chalybeata 20 (17) 19 (19) 0 
V. codringtoni 0 4 (4) 20 (17) 
V. funerea 20 (16) 0 20 (20) 
V. purpurascens 0 9 (9) 20 (16) 
For each species, values indicate the number of samples collected in each political region 
for genomic and morphometric/color (parentheses) analyses. 
1Within city of Iringa (7.77ºS, 35.70ºE) and villages to the southeast. 
2Near Mang’ula (7.85ºS, 36.90ºE), Mhenda (7.20ºS, 36.93ºE), and Mikumi (7.39ºS, 
36.98ºE) for V. chalybeata, V. codringtoni, and V. purpurascens, respectively. 
3Near Peramiho (10.62ºS, 35.37ºE) and surrounding villages. 
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Table 4.3. Summary of principal components analysis results for morphometric 
data. 
 PC1 PC2 PC3 
Proportion variance 0.368 0.187 0.100 
mass 0.50 -0.04 0.08 
wing 0.54 -0.21 -0.10 
tail 0.46 -0.37 0.05 
tarsus 0.39 0.25 0.27 
bill length 0.10 0.64 -0.34 
bill width 0.10 0.49 0.69 
bill depth 0.27 0.33 -0.56 
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Table 4.4. Summary of analysis of variance results for morphometric, color, and 
genomic principal component variables. 
Data set PC Effect Num DF Dem DF F p value η2 
Morphometric 1 host 3 110 12.40 5e-7 0.14 
  region 2 110 29.05 7e-11 0.22* 
  host*region 2 110 2.13 0.01 0.02 
 2 host 3 110 5.56 0.001 0.12* 
  region 2 110 5.78 0.004 0.08 
  host*region 2 110 0.95 0.39 0.01 
 3 host 3 110 3.37 0.02 0.07* 
  region 2 110 2.16 0.12 0.03 
  host*region 2 110 2.08 0.13 0.03 
Color 1 host 3 110 271.11 <2e-16 0.82* 
  region 2 110 0.56 0.57 <0.01 
  host*region 2 110 0.22 0.80 <0.01 
 2 host 3 110 15.30 2e-8 0.17* 
  region 2 110 15.65 1e-6 0.11 
  host*region 2 110 4.80 0.01 0.04 
 3 host 3 110 92.27 <2e-16 0.21 
  region 2 110 372.66 <2e-16 0.57* 
  host*region 2 110 158.14 <2e-16 0.24 
Genomic 1 host 3 124 295.21 <2e-16 0.41* 
  region 2 124 76.83 <2e-16 0.08 
  host*region 2 124 31.40 <9e-12 0.03 
 2 host 3 124 17.38 2e-9 0.03 
  region 2 124 468.41 <2e-16 0.65* 
  host*region 2 124 92.29 <2e-16 0.13 
 3 host 3 124 68.54 <2e-16 0.39* 
  region 2 124 44.71 2e-15 0.17 
  host*region 2 124 65.67 <2e-16 0.25 
Significant p values (<0.05) are in bold, and the largest effect size in each test (highest 
η2) is marked with an asterisk. 
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Table 4.5. Summary of the principal components analysis results for color data. 
 PC1 PC2 PC3 
Proportion variance 0.578 0.196 0.114 
bill -0.37 -0.34 0.85 
legs 0.92 0.16 -0.13 
brightness 0.64 -0.40 -0.16 
hue 0.87 0.22 0.12 
chroma (ultraviolet) -0.91 -0.30 -0.23 
chroma (blue) 0.82 -0.50 0.03 
chroma (green) 0.89 0.34 0.27 
chroma (red) -0.42 0.87 0.08 
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Table 4.6. Overall pairwise ΦST values with samples grouped by species. 
 chalybeata codringtoni funerea 
chalybeata  –   
codringtoni 0.026 –  
funerea 0.022 0.017 – 
purpurascens 0.023 0.009 0.008 
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Table 4.7. Overall pairwise ΦST values with samples grouped by region. 
 Iringa Morogoro 
Iringa  –  
Morogoro 0.022 – 
Ruvuma 0.018 0.018 
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Table 4.8. Overall pairwise ΦST values with samples grouped by species and the two 
subspecies of Vidua chalybeata treated as separate groups. 
 chalybeata 
amauropteryx 
chalybeata 
centralis 
 
codringtoni 
 
funerea 
chalybeata 
amauropteryx 
 
– 
   
chalybeata 
centralis 
 
0.046 
 
– 
  
 
codringtoni 
 
0.040 
 
0.034 
 
– 
 
 
funerea 
 
0.038 
 
0.028 
 
0.017 
 
– 
 
purpurascens 
 
0.037 
 
0.030 
 
0.009 
 
0.008 
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Figure 4.1. Sampling localities for indigobird samples in Tanzania. 
White circles represent approximate sampling localities within three political regions: 
Iringa (I), Morogoro (M), and Ruvuma (R). The topographic map was downloaded from 
http://en.wikipedia.org/wiki/Geography_of_Tanzania (public domain). 
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Figure 4.2. Scatter plots of results from the principal components analysis of 
morphometric variables. 
Data points (n = 118) represent individual samples, are shaped based on sampling region, 
and color-coded by species (based on mimicry of hosts). 
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Figure 4.3. Scatter plots of results from the principal components analysis of 
plumage and soft parts color measurements. 
Data points (n = 118) represent individual samples, are shaped based on sampling region, 
and color-coded by species (based on mimicry of hosts). 
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Figure 4.4. Plumage and soft parts coloration for sample JMD1326 with respect to 
Vidua chalybeata and V. funerea samples from Iringa. 
(A) photographs depicting leg and plumage color of JMD1326 compared to 
representative chalybeata and funerea individuals. Note that both species have white bills 
in the Iringa region. (B) plumage reflectance of JMD1326 compared to average ± 
standard deviation reflectance curves for chalybeata (n = 16) and funerea (n = 16) 
specimens collected in the region. Photographs by author. 
 
	  	  
130 
Figure 4.5. Scatter plots of results from the principal components analysis of 
ddRAD-seq data. 
Data points (n = 132) represent individual samples, are shaped based on sampling 
locality, and color-coded by species (based on mimicry of hosts). 
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Figure 4.6. The Akaike 
information criterion 
(AIC) scores for 
discriminant analysis of 
principal component 
(DAPC) models with 1-6 
clusters. 
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Figure 4.7. Clustering and individual assignment results for discriminant analysis of 
principal component (DAPC) models run with 2-6 clusters (k). 
Each vertical bar represents an individual sample, and colors indicate probability 
assignment for each cluster. For each k value, the same results are shown with individuals 
sorted by either species/host (left) or sampling region (right). 
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Figure 4.8. Likelihood scores for STRUCTURE analyeses with 1-6 clusters (k). 
Three replicates were run for each level of k. 
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Figure 4.9. Clustering and individual assignment results for STRUCUTRE runs 
with 2-6 clusters (k). 
Each vertical bar represents an individual sample, and colors indicate probability 
assignment for each cluster. For each k value, results from the run producing the highest 
ln probability of the data are shown. The same results are displayed with individuals 
sorted by either species/host (left) or sampling region (right). 
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Figure 4.10. Clustering 
and individual 
assignment results for 
STRUCUTRE runs 
with individuals 
collected in each 
region. 
Three replicate analyses 
were conducted for (A) 
Iringa, (B) Morogoro, 
and (C) Ruvuma 
regions. In each analysis 
the number of clusters 
was set a priori as the 
number of species 
sampled in the region. 
The individual 
(JMD1326) in Iringa 
with a mismatch 
between host mimicry 
and expected 
morphology is marked 
with an asterisk in (A). 
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Figure 4.11. Plumage reflectance curves for Vidua funerea and V. purpurascens 
samples. 
Average curves represent 36 and 25 samples for V. funerea and V. purpurascens, 
respectively, and error bars show one standard deviation. 
 
0 
1 
2 
3 
4 
325 355 385 415 445 475 505 535 565 595 625 655 685 
R
ef
le
ct
an
ce
 (%
) 
Wavelength (nm) 
funerea 
purpurascens 
	  	  
137 
 
 
Figure 4.12. The relationship between the pairwise genetic divergence of hosts and 
their respective parasites in Tanzania. 
Host genetic distances were derived from branch lengths of an estrildid finch phylogeny 
based on mitochondrial DNA (Sorenson, unpublished), and parasite distances were 
derived from ddRAD-seq results for samples collected in Ruvuma (including two V. 
chalybeata samples not included in this study). The relationship is not significant (Mantel 
test, Mantel coefficient = 0.07, p = 0.31). 
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CHAPTER 5. RAD PHYLOGENETICS: HARNESSING NEXT-GENERATION 
SEQUENCING FOR MOLECULAR SYSTEMATICS 
 
 
INTRODUCTION 
 
Molecular phylogenetics has evolved during the past decade due to conceptual, 
technological, and analytical/computational developments. Among these has been a 
growing appreciation for the stochasticity of lineage sorting, potential incongruence 
between gene trees and species trees, and the potential pitfalls of single-locus analyses 
(Pamilo & Nei 1988; Page & Charleston 1997; Edwards & Beerli 2000; Nichols 2001; 
Rosenberg & Nordborg 2002). This has led to an increasingly important interface 
between population genetics and phylogenetics (Edwards 2009), and a shift toward 
datasets comprising multiple nuclear loci that more broadly sample the stochastic sorting 
of ancestral polymorphisms and the accumulation of informative variation along the 
internodes that separate speciation events. Multi-locus datasets have in turn spurred the 
development of new phylogenetic methods that accommodate genealogical stochasticity 
in the estimation of phylogeny (e.g., Edwards et al. 2007; Liu et al. 2008; Heled & 
Drummond 2010; reviewed in Knowles & Kubatko 2010). 
 At the same time, advances in DNA sequencing technology have led to the 
development of methods sampling hundreds to thousands of genomic loc in a rapid and 
cost-effective manner. For most applications in population genetics and systematics, 
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however, harnessing the power of this new technology requires methods that consistently 
recover a set of homologous loci across multiple individual samples (Davey et al. 2011; 
McCormack et al. 2013). The number of loci targeted should be large enough to take full 
advantage of the current throughput of DNA sequencers but still small enough to allow 
for adequate coverage for a large set of multiplexed samples and loci processed in a 
single run, thereby minimizing cost. To date, two main approaches have been used: (1) 
re-sequencing multiple polymerase chain reaction (PCR) products amplified using a large 
number of locus-specific primers (e.g., Binladen et al. 2007); and (2) using hybridization 
probes to isolate portions of the genome for shotgun sequencing (e.g., Mamanova et al. 
2010). Both of these methods require prior knowledge of genomic sequences for the taxa 
of interest to design conserved primers/probes, an approach that has associated strengths 
and weaknesses (McCormack et al. 2013). An alternative approach is to use restriction-
site associated DNA sequencing (RAD-seq) (Miller et al. 2007; Baird et al. 2008), which 
uses one or more restriction enzymes to target homologous loci among a set of samples 
and therefore requires no genomic resources. The method provides a cost-effective means 
of broadly sampling the genome and, along with similar “genotype-by-sequencing” 
methods, has emerged as a powerful and increasingly popular tool for an array of 
population level applications in molecular ecology (Davey & Blaxter 2010; Narum et al. 
2013).  
 Only a few recent studies, however, have explored the utility of RAD-seq for 
phylogenetic analysis (e.g., Rubin et al. 2012; Eaton & Ree 2013; Jones et al. 2013; 
Keller et al. 2013; Nadeau et al. 2013; Wagner et al. 2013). As with other methods based 
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on restriction sites, a potential problem with RAD-seq in species level (or higher) 
phylogenetic analyses is a reduction in the number of homologous loci captured among 
samples as mutations in enzyme recognition sites accumulate with increasing genetic 
divergence among samples. Rubin et al. (2012) explored this issue by computationally 
extracting RAD loci from reference genomes of Drosophila, mammals, and fungi, and 
comparing topologies inferred using these data to reference phylogenies. While RAD 
data produced accurate topologies for Drosophila and for shallow nodes in the 
mammalian and fungal trees, nodes representing speciation events >60 Mya were not 
reliably recovered due in part to a dearth of homologous RAD loci recovered from highly 
divergent taxa. The loss and gain of enzyme recognition sites, however, is also a 
potentially useful source of characters for phylogenetic analyses, an approach that has not 
yet been tested using RAD-seq data. 
 Applying methods that accommodate incomplete lineage sorting in the 
estimation of species trees to large RAD-seq datasets also presents a computational 
challenge. To date, empirical RAD-seq phylogenetic studies have largely avoided this 
issue by using concatenated data and assuming that phylogenetic signal in the aggregate 
overrides the noise generated by loci that conflict with the underlying species tree (but 
see Eaton & Ree 2013). This logic fails, however, if relationships within the species tree 
fall within the “anomaly zone,” in which adding data leads to stronger confidence in a 
tree that is discordant with the species tree (Degnan & Rosenberg 2006; Kubatko & 
Degnan 2007; Rosenberg & Tao 2008); but see (Huang & Knowles 2009). In addition to 
the computational load of processing a large number of loci, the application of more 
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sophisticated methods may be hindered by the difficulty of estimating individual gene 
trees and/or model parameters from the typically short sequences generated by RAD-seq. 
For example, Bayesian methods that simultaneously estimate a large set of parameters 
from thousands of short loci (Liu 2008; Heled & Drummond 2010) are unlikely to 
converge on reliably parameter estimates even when using a simplified model (e.g., 
linking model parameters over many loci). While each locus may provide little 
information, however, the volume of loci generated by RAD-seq produces a large number 
of single nucleotide polymorphisms (SNPs), and new methods that use SNP data to infer 
species trees (Bryant et al. 2012; Kubatko & Chifman 2013) may be more appropriate 
and effective.  
 I explored the utility of RAD-seq for phylogenetic analysis using a variety of tree 
inference methods, and compared results for two avian genera with contrasting ecology 
and evolutionary histories. Lagonosticta finches (i.e., firefinches) comprise 10 species 
that are distributed in sub-Saharan Africa and likely diversified over the course of several 
million years through a typical process of allopatric speciation (Fry & Keith 2004). 
Firefinches are the primary hosts of the brood parasitic indigobirds, which together with 
whydahs comprise the genus Vidua (19 species). Imprinting on hosts during development 
shapes the courtship and mating behavior (songs and mate choice preferences) of adult 
indigobirds, providing a mechanism for rapid speciation when a novel host is colonized 
(Payne 1973; Payne et al. 2000; Sorenson et al. 2003). The behaviors that drive 
speciation by host shift in indigobirds appear to be ancestral within Vidua, but may also 
lead to hybridization among established parasitic species (Payne & Sorenson 2004). 
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Thus, post-speciation gene flow in this clade may obscure relationships among species. 
The contrasting evolutionary histories of these two genera are apparent in a mitochondrial 
DNA (mtDNA) phylogeny (Figure 5.1). The relationships among Lagonosticta are 
generally well resolved, whereas several nodes within Vidua are poorly supported. In this 
study, we present results of phylogenetic analyses for each genus based on thousands of  
“double-digest” RAD-seq (ddRAD-seq) loci (Peterson et al. 2012) and a variety of 
phylogenetic methods, including concatenated data, presence-absence data, gene trees, 
and SNPs. We also compare the extent of incomplete lineage sorting between the two 
genera, and evaluate the “decay” of homologous ddRAD-seq loci with increasing 
divergence among samples. 
 
METHODS 
 
Taxon sampling, ddRAD sequencing, and bioinformatics 
Tissue samples were collected during fieldwork in Cameroon and Tanzania, or obtained 
from tissue collections at natural history museums (Table 5.1). The Lagonosticta dataset 
includes nine Lagonosticta samples representing seven species and a single brown 
twinspot Clytospiza monteiri sample as the outgroup; mtDNA sequence data support a 
sister group relationship between these two genera (Sorenson et al. 2004). The Vidua 
dataset includes 14 Vidua samples representing 12 species and a single cuckoo finch 
Anomalospiza imberbis sample as the outgroup (Sorenson & Payne 2001).  
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 Genomic DNA was extracted from tissue samples using a DNeasy Tissue Kit 
(Qiagen Inc.). The protocol used to generate ddRAD-seq libraries is summarized below, 
but described in detail in DaCosta and Sorenson (submitted). Breifly, genomic DNA 
(~1.0 µg) was simultaneously digested with 10 U of SbfI and 10 U of EcoRI. In a single 
ligation reaction, a “P1” adapter was ligated to the SbfI sticky end, and a “divergent-Y 
P2” adapter was ligated to the EcoRI sticky end. Fragments in the 300-450 bp size range 
(178-328 bp exclusive of adapters) were selected in an agarose gel, although smaller 
fragments were consistently captured in all samples (see Chapter 3).  The enzymes and 
size selection window we used should capture ~5500 single-copy loci based on in silico 
digestion of the zebra finch (Taeniopygia guttata) reference genome. Fragment libraries 
were amplified using Phusion DNA polymerase (Finnzyme), and then purified using 
solid-phase reversible immobilization beads. The concentration of amplified libraries was 
estimated using a KAPA Biosystems quantitative PCR kit, and libraries were pooled in 
equimolar amounts for multiplexed sequencing on an Illumina HiSeq 2000 machine. Data 
for this study were collected over two sequencing runs, both of which contained 
additional samples for population genetic analyses of indigobirds. 
 The Illumina sequence reads were initially processed as described in DaCosta and 
Sorenson (submitted). Reads were assigned to individual samples based on barcode 
sequences. The data for each sample was reduced by collapsing identical sequences 
(retaining the number of identical reads as a weight for subsequent analyses) and 
discarding low-quality reads (average Phred score < 20) that were >10% divergent from 
all other reads. Data for all samples was then pooled and clustered into putative loci 
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based on sequence similarity using the UCLUST function in USEARCH v5 (Edgar 2010) 
with an –id setting of 0.85. The highest quality read from each cluster was mapped to the 
Taeniopygia guttata reference genome using BLASTN v2 (Altschul et al. 1990). Clusters 
that generated identical BLAST hits (±50 bp) were combined, a step that substantially 
improved the clustering of loci with large indel differences between taxa. Clusters that 
did not generate a BLAST hit were carried through the analyses as anonymous loci. All 
sequence reads within each cluster were aligned using MUSCLE v3 (Edgar 2004), and 
individual genotypes for each sample were generated using a custom python script 
(RADGenotypes.py, available at https://github.com/BU-RAD-seq/ddRAD-seq-Pipeline). 
Alignments with 5’ or 3’ gaps in some samples/alleles due to large indels and/or 
restriction site polymorphisms were trimmed to the length of the shortest sequence during 
genotyping. In addition, alignments with ≥2 SNPs in the last five bp were flagged for 
manual evaluation and editing based on comparison to the zebra finch reference genome; 
in many cases, likely indels overlapping the end of the alignment were not recognized by 
MUSCLE. Individual genotypes at a given locus can be broadly categorized as: 1) 
“missing” – no reads recovered for that locus; 2) “good” – unambiguously genotyped as 
either a homozygote or heterozygote; 3) “low depth” – insufficient depth to confidently 
score as a homozygote or heterozygote; or 4) “flagged” – ambiguous genotype based on 
strong departure from the expected 50:50 ratio of sequence reads for two alleles and/or 
the recovery of three or more alleles. Putative loci with multiple flagged genotypes are 
typically due to the clustering or two or more similar loci, which due to uncertain 
homology are not appropriate for phylogenetic analyses. 
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 To maximize the number of loci for the analyses of each genus, separate datasets 
were generated for each genus and their respective outgroups. For each dataset, we 
retained loci that contained at least one SNP and either good or low depth genotypes for 
all samples (including the outgroup), but with a maximum of two low depth genotypes. 
Input files for phylogenetic analyses were generated for each dataset with one sequence 
per sample per locus, which provided data matrices with no missing data and simplified 
rooting in downstream analyses. For good heterozygous genotypes one of the two alleles 
was randomly selected. Rarely, this approach eliminated all polymorphism at a locus, so 
random sampling of alleles was repeated until at least one SNP was retained for each 
locus. Unless otherwise noted, the Lagonosticta and Vidua datasets were analyzed 
separately.  
 
Phylogenetic analyses using concatenated data 
Phylogenetic networks were computed using concatenated sequences and the Neighbor-
Net algorithm in SPLITSTREE v4.12.3 (Huson & Bryant 2006). Concatenated 
sequences, indel characters, and sequences+indels were also used to reconstruct 
phylogenetic trees with unweighted maximum parsimony (MP), maximum likelihood 
(ML) and Bayesian inference (BI). Unweighted MP analyses were conducted in PAUP* 
v4.0b10 (Swofford 2002). Heuristic searches were performed with 1000 replicates, each 
with random stepwise addition of taxa, tree bisection and reconnection branch swapping, 
and gaps treated as missing data. Nodal support was estimated with 1000 non-parametric 
bootstrap replicates, each with 10 iterations of random stepwise addition of taxa. Both 
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ML and BI analyses were run with a single data partition. ML searches were conducted in 
RAxML v7.4.2 (Stamatakis 2006) with the GTRGAMMAI model for sequence data, the 
BINGAMMA for indel data, 20 searches for the best tree, and 1000 standard bootstrap 
replicates. We used programs in the BEAST v1.8 (Drummond et al. 2012) package for BI 
analyses. Searches were conducted with a GTR+I+G substitution model for sequence 
data, the stochastic dollo model for indel data, a relaxed lognormal clock, and a birth-
death coalescent prior with incomplete sampling. Four independent searches were run, 
each with 50 million generations and sampling every 5000 generations. Convergence on 
parameter estimates among runs was evaluated with TRACER v1.5 (Rambaut & 
Drummond 2009), which varied (<5-30% of samples) across analyses and runs. For the 
two runs that converged earliest, we conservatively discarded the first 40% of the 
samples as burn-in, and calculated the maximum clade credibility tree from the combined 
posterior distribution of 12,000 samples.  
 
Phylogenetic analyses using presence-absence data 
Restriction site polymorphisms are expected to result in the gain and loss of ddRAD-seq 
loci among samples, such that the presence and absence of specific loci across taxa is a 
potential source of additional characters. We used per sample, per locus sequencing depth 
to generate a set of binary presence-absence characters for the Lagonosticta and Vidua 
datasets, respectively. At a given locus, a sample may have low sequencing depth due to 
a variety of reasons, including amplification biases, poor library quality, misassignment 
of reads, and/or nonspecific enzyme cutting (see DaCosta and Sorenson, submitted). We 
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therefore considered only those loci for which all samples had a sequencing depth of 
either zero or ≥10 reads to create a reasonably robust presence-absence character matrix. 
Each character in the data matrix comprised a single ddRAD locus, with samples coded 
as either 0 (depth of zero) or 1 (depth of ≥10). Phylogenetic analyses of binary data 
matrices were conducted using MP, ML, and BI as described above for the concatenated 
indel data. 
 
Phylogenetic analyses using individual gene trees 
We used several methods to estimate species trees based on individual gene trees for 
thousands of ddRAD loci. Gene trees were estimated in PHYML v3.0 (Guindon et al. 
2010) using an HKY substitution model, estimated base frequencies, and subtree pruning 
and regrafting. If the estimated topology contains polytomies due to identical haplotypes 
or a dearth of synapomorphies, which is common for short RAD-seq loci, then PHYML 
transforms polytomies into latterized bifurcations with internode branch lengths close to 
zero. Importantly, the order of samples in the input file dictates the branching pattern of 
these bifurcations. We therefore randomized the order of taxa in each file before 
estimating gene trees in PHYML. We then used the Species Tree Analysis Web 
(STRAW) server (Guindon et al. 2010) to estimate species trees using the NJst (Liu & 
Yu 2011), STAR (Liu et al. 2009), and MP-EST (Liu et al. 2010) methods. The NJst 
method takes unrooted gene trees as input, calculates a distance matrix among taxa based 
on the average number of internodes between all pairs of species, and then uses the 
neighbor-joining algorithm to estimate a species tree. Both the STAR and MP-EST 
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methods require rooted gene trees; thus, individual gene trees were rooted with the single 
outgroup sample using the “RerootTree” function on the STRAW server. The STAR 
method estimates a species tree using the average ranks of coalescences in gene trees, 
whereas the MP-EST method computes a pseudo-likelihood estimate of the multi-species 
coalescent. Species trees were also inferred using STELLS v1.6 (Wu 2012), which takes 
as input rooted gene trees and uses maximum likelihood to search for the best species tree 
in a multispecies coalescent framework with incomplete lineage sorting. The following 
command line options recommended for large datasets were implemented in STELLS 
searches: -S, -d 1, -c 10, and –x 500. We randomly sampled gene trees from each dataset 
(with replacement) to create 100 non-parametric replicate datasets of the same size, 
which were run in NJst, STAR, MP-EST, and STELLS to evaluate nodal support. 
Finally, species trees were also estimated from rooted gene trees using the minimize deep 
coalescences (MDC) method in the program PHYLONET v3.4 (Than et al. 2008) with 
100 bootstrap replicates. 
 We also used BUCKy v1.4.0 (Larget et al. 2010) to conduct a Bayesian 
concordance analysis, which estimates the proportion of loci that contain each clade (i.e., 
the clade concordance factor) while incorporating gene tree uncertainty by sampling 
posterior distributions (Ané et al. 2007). BUCKy uses concordance factors to estimate 
both a primary concordance tree and a population tree. The primary concordance tree is 
estimated using a greedy consensus method, whereas the population tree is derived using 
a consensus method based on unrooted quartets that consistently identifies the species 
tree when all discordance is due to incomplete lineage sorting (see BUCKy manual). For 
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each ddRAD locus, posterior distributions of gene trees were estimated in MrBAYES 
v3.1 (Ronquist & Huelsenbeck 2003) with an HKY substitution model, 1 million 
generations, and sampling every 1000 generations. The first 500 samples were discarded 
as burnin when preparing samples for BUCKy with the mbsum command. The α setting 
in BUCKy defines the a priori assumption of concordance among gene trees, with α = 0 
implying that all loci have the same topology and α = infinity meaning that all loci have 
different topologies; each dataset was analyzed with α settings of 1 and 100. Each 
BUCKy analysis comprised two independent runs, a burnin of 10,000 updates, and 
100,000 sample updates.  
 
Phylogenetic analyses using single nucleotide polymorphisms  
Species trees were also estimated in a coalescent framework using SNP data with the 
SNAPP module (Bryant et al. 2012) built into BEAST2 v2.0.2 (Bouckaert et al. 2013) 
and the program SVDquartets v0.5 (Kubatko & Chifman 2013). SNAPP requires 
independent, biallelic SNPs, coded as binary characters. We therefore randomly sampled 
one biallelic SNP per locus (expect for a few loci without a biallelic SNP) and recoded 
character states as 0/1. SNP positions that included a gap character in one or more taxa 
were not used. Two independent SNAPP runs were completed with default substitution 
models and 10 million generations with sampling every 5000 generations. We assessed 
convergence of parameter estimates between runs in TRACER, and the first 10% of each 
sample was removed as burn-in. The remaining samples were combined to create a 
posterior of 3,600 samples, and a maximum clade credibility tree was calculated. The 
	  	  
150 
SVDquartets analyses used the same set of biallelic SNPs (coded as nucleotides) and sub-
sampled 50,000 quartets. Sampled quartets were assembled into a phylogeny using the 
program QUARTET MAXCUT v2.1 (Snir & Rao 2012). Nodal support of the 
SVDquartets tree was evaluated by generating 100 non-parametric bootstrap datasets 
using the SEQBOOT function in PHYLIP v3.69 (Felsenstein 2005). Each replicate was 
analyzed in SVDquartets as described above, and nodal support values were calculated 
using the contree command in PAUP*. 
 
Comparison of phylogenetic signal between the Lagonosticta and Vidua datasets 
Given their contrasting evolutionary histories and ecology, we predicted greater 
congruence between individual gene trees and the species tree in Lagonosticta than in 
Vidua. To test this, we calculated the proportion of gene trees that recovered each node in 
the most likely phylogeny for each genus (i.e., the overall consensus topology; see 
Results). This was done by performing a consensus analysis in PAUP* with the set of 
PHYML gene trees for each genus. Coalescent theory dictates that the proportion of gene 
trees consistent with a given node should be positively correlated with the branch length 
of the subtending internode, so we analyzed these results in the context of internode 
branch lengths derived from a comparable dataset for both genera. This was achieved by 
screening for loci that passed our selection criteria for all taxa, generating a combined 
dataset with data for all 25 samples. These loci were concatenated and run in BEAST 
with the topology fully constrained to match the most likely phylogeny based on generic 
analyses. Two independent runs were performed with the GTR+I+G substitution model, a 
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relaxed lognormal clock, a birth-death with incomplete sampling coalescent prior, 50 
million generations, and sampling every 5000 generations. The first 10% of trees from 
each run was discarded as burnin, and the remaining trees were combined for estimation 
of the maximum clade credibility tree. 
 
Effect of phylogenetic divergence on the number of shared ddRAD loci 
We quantified the “decay” of ddRAD loci with phylogenetic distance by analyzing 
pairwise comparisons of genetic distance and number of shared ddRAD loci for all 
samples. Pairwise genetic distances among samples were estimated using sequence data 
for those loci that passed our selection criteria for both datasets. We used this common 
set of loci to calculate the HKY genetic distance between each pair of samples in PAUP*. 
As in the presence-absence analysis (see above), we considered only those loci where 
every sample had a sequencing depth of either zero or ≥10 reads when calculating the 
proportion of shared loci among all samples.  
 
RESULTS 
 
Data characteristics 
We generated ~9.9 and ~13.3 million reads for the Lagonosticta and Vidua datasets, 
respectively. A comparable number of loci (2860 for Lagonosticta and Clytospiza; 3100 
for Vidua and Anomalospiza) passed our selection criteria (≥1 SNP, no missing or 
flagged genotypes, ≤2 low depth genotypes) in each dataset (Table 5.2); 1012 of these 
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loci were shared in common between the two datasets. Despite fewer samples and a more 
closely related outgroup, the Lagonosticta dataset had a slightly higher level of 
polymorphism (Table 5.2). For presence-absence analysis, there were 14492 loci for 
which all 25 samples had either zero or ≥10 reads. 
  
Estimates of Lagonosticta phylogeny 
The phylogenetic network of Lagonosticta samples shows that the genus is divided into 
two major clades and that most splits are consistent (Figure 5.2A). The main exception is 
that L. rufopicta has a connection to Clytospiza in the network. Most of our phylogenetic 
analyses defined Clytospiza as the outgroup a priori, so monophyly of Lagonosticta 
cannot be rigorously tested with our data and taxa sampling. Bayesian analyses that used 
the data to infer rooting (i.e., BEAST and SNAPP), however, generally recovered a 
monophyletic Lagonosticta (Figure 5.3) and aside from the BEAST analysis of 
concatenated indel data, most of the phylogenetic methods we used converged on the 
same Lagonosticta topology with 100% bootstrap support or posterior probabilities of 1.0 
for nearly all nodes (Figure 5.3). This topology matches the BEAST mitochondrial gene 
tree, including the sister relationship between L. rara and L. larvata (Figure 5.3, node F). 
Only in the NJst, MPest, and STAR analyses were a few nodes (D, E, and F) relatively 
weakly supported. Clade “support” values generated by BUCKy are concordance factors, 
which indicate the proportion of gene trees that have the clade, and are fundamentally 
different from the bootstrap and posterior probability values generated in other analyses. 
Comparatively low concordance factors in our analysis of short ddRAD-seq loci likely 
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reflect a lack of relevant phylogenetic signal in the poorly-resolved gene trees for many 
loci rather than conflicting signals among loci. 
 
Estimates of Vidua phylogeny 
The Vidua phylogenetic network has shorter connections among taxa and more 
inconsistent splits compared to the Lagonosticta network (Figure 5.3B), conveying less 
genetic divergence among samples and greater uncertainty of relationships among 
samples, respectively. Anomalospiza is highly divergent from Vidua in the network, and 
all analyses that infer rooting from the data unambiguously supported Vidua monophyly 
(Figure 5.4, node A). All analyses strongly supported monophyly of the paradise-
whydahs (Figure 5.4, node B: interjecta, orientalis, paradisaea, obtusa), and a clade 
(Figure 5.4, node H) comprising regia, fischeri, and the indigobirds (chalybeata, 
camerunensis, raricola, and purpurascens). With the exception of the MDC and STELLS 
results, the basal node in the genus represents a split between paradise whydahs and all 
other Vidua species (Figure 5.4, node E) and most analyses infer a sister relationship 
between hypocherina and macroura (Figure 5.4, node F), although support for this 
relationship varies widely among analyses. These results contrast with the uncertain 
relationships of hypocherina and macroura with respect to the other two Vidua clades in 
the mtDNA tree (Figure 5.1). Results conflicting with the most commonly recovered 
topology (Figure 5.4, nodes N-R) most often reflect ambiguous relationships among the 
more recently evolved indigobird species. 
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Phylogenetic signal in the Lagonosticta and Vidua datasets 
For each genus, we calculated the proportion of individual gene trees that captured each 
node in the most commonly recovered species tree. Lagonosticta gene trees recovered 
nodes more consistently than Vidua gene trees (Figure 5.5A); nodes in the Lagonosticta 
species tree were recovered in 17-41% of gene trees, whereas recovery of Vidua nodes in 
ranged from 3% to a maximum of only 21%. There were 1012 ddRAD loci shared in 
common between the Lagonosticta and Vidua datasets, and we used these loci to estimate 
relative branch lengths in a topology comprising both genera (Figure 5.5A). The 
Lagonosticta clade has a deeper basal node and relatively longer internode branch lengths 
as compared to the Vidua clade. As expected based on coalescent theory, longer 
internode branches resulted in a greater proportion of gene trees recovering the adjacent 
node for both clades (Figure 5.5B). For a given subtending branch length, however, the 
proportion of gene trees capturing each node was higher in Lagonosticta than in Vidua 
(Figure 5.5B). 
 
Relationship between genetic divergence and number of shared ddRAD loci 
Using the 1012 loci common to both datasets, intra-generic genetic distances ranged from 
0.004 (senegala rhodopsis – s. rendali) to 0.021 (rara – senegala rhodopsis) in 
Lagonosticta and 0.001 (chalybeata amauropteryx – purpurascens) to 0.010 (interjecta – 
regia) in Vidua. Genetic distances between the two genera clustered at ~0.047. Pairwise 
genetic divergence was negatively correlated with the pairwise number of shared loci 
(Figure 5.6), which we calculated for the set of 14,492 loci with either zero or ≥10 reads 
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in all 25 samples. For this set of loci, pairs of Vidua taxa tended to share more loci 
(2695.4 ± 158.2 loci; ave ± sd) compared to pairs of Lagonosticta taxa (2662.4 ± 299.3 
loci; ave ± sd). Inter-generic pairs of samples shared ~1400 loci. Note that the number of 
shared loci is larger when filtering loci using a less stringent minimum depth threshold 
and allowing one or two samples to be recovered at “low” depth. For example, setting the 
filtering to loci with either zero of ≥5 reads for all samples increases the total number of 
loci to 17,814 and the average number of shared loci to 4070.9 and 3825.8 for Vidua and 
Lagonosticta taxa pairs, respectively. 
 
DISCUSSION 
 
RAD phylogenetics using concatenated data 
Most previous phylogenetic studies using RAD-seq data relied on concatenated 
sequences to estimate phylogenies, which is computationally efficient but ignores the 
potential incongruence among loci due to the stochasticity of lineage sorting and/or 
selection (Maddison 1997; Nichols 2001). Thus, concatenation may obscure patterns in 
the data that potentially provide insight into the evolutionary history of a clade and, under 
a limited range of conditions (depending on tree shape and length of internodes), 
concatenation may be positively misleading, with additional data reinforcing an incorrect 
inference of the species tree (Kubatko & Degnan 2007). Nonetheless, our analyses of 
Lagonosticta and Vidua based on concatenated sequence data generally produced 
topologies consistent with those generated using species tree methods, but with higher 
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nodal support values for some relationships (Figures 5.3-5.4). Also, relying on programs 
that treat gaps as missing data (e.g., PhyML, RAxML, default settings in BEAST, 
PAUP*) ignores two important sources of variation in ddRAD-seq data that can be 
analyzed under concatenation: indels and presence-absence polymorphisms generated by 
restriction site polymorphisms. Indel characters often provide phylogenetic signal for 
nodes that are otherwise difficult to resolve (Rokas & Holland 2000); our ddRAD-seq 
data from multiple species included thousands of indel characters suitable for 
phylogenetic inference (Figures 5.3-5.4). As originally conceived, “RAD-tags” were 
designed to generate presence-absence data using microarray technology (Miller et al. 
2007), but we are not aware of other RAD-seq studies using presence-absence data for 
phylogenetics. We caution, however, that the scoring of presence-absence data requires 
consistent, high-quality fragment libraries that are sequenced with sufficient depth to 
avoid spurious false-absences. Scoring is also complicated by the infrequent, low-depth 
recovery of “absent” loci due to restriction enzyme star activity (i.e., non-specific cutting 
at restriction sites with polymorphisms) and other anomalies of RAD-seq fragment 
library preparation (DaCosta & Sorenson submitted). We therefore used conservative 
criteria for defining presence-absence loci (i.e., loci with either zero or ≥10 reads for all 
samples). Nonetheless, we generated >10,000 binary presence-absence characters for 
each dataset, and topologies generated from these data were largely consistent with those 
produced using other sources of data (Table 5.3, Figure 5.3-4).  
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RAD phylogenetics based on gene trees or SNPs 
In addition to its computational simplicity, concatenation is an attractive approach for 
phylogenetic inference using RAD-seq data because individual loci may provide 
inadequate resolution for species tree methods. Note, however, that short loci are less 
likely to be affected by recombination and therefore the gene trees they produce are more 
likely to reflect a single genealogical history (Edwards 2009). Although individual RAD 
loci included relatively few SNPs [693 (24.2%) and 825 (26.6%) loci had ≤3 SNPs in the 
Lagonosticta and Vidua datasets, respectively], species tree methods based on gene trees 
generally converged on the same topology or produced topologies that conflicted only at 
poorly supported nodes (Figures 5.3-5.4). This is particularly impressive given that nodes 
in the most commonly recovered species tree of each genus were represented in only 16-
41% (Lagonosticta) and 3-21% (Vidua) of gene trees (Figure 5.5A). One exception is that 
analyses of Vidua using both MDC (PhyloNet) and maximum likelihood (STELLS) 
recovered a clade (Figure 5.4, node Q) with high support that was absent in all other 
analyses. The STELLS settings used to decrease computation time restricted the search to 
near-MDC trees, which explains the similarity in results for these two programs. Also, 
the MDC method does not reconstruct the true species tree under some circumstances 
(Than & Nakhleh 2009; Than & Rosenberg 2011), and it is possible that the method is 
inconsistent given the short internodes deep in the Vidua tree. 
 Species tree analyses based on SNPs (SNAPP and SVDquartets) produced results 
that were similar to those generated by other methods, even when using only one 
randomly selected biallelic SNP per locus (Figures 5.3-5.4). The utility of SNPs in 
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estimating population-level parameters and reducing confidence intervals around these 
estimates has been recognized for some time (Brumfield et al. 2003). It is not until 
relatively recently, however, that cost-effective methods have become available (e.g., 
genotype-by-sequencing) to collect large numbers of independent SNPs from non-model 
organisms. As the generation of these data becomes increasingly feasible for systematists 
there should be increased interest in the utility of SNPs for estimating species trees using 
the multi-species coalescent (Brito & Edwards 2009; Edwards 2009). 
 
Comparison of Lagonosticta and Vidua results 
The contrasting evolutionary histories of firefinches (Lagonosticta spp.) and parasitic 
finches (Vidua spp.) were reflected in our analyses. Speciation in Lagonosticta likely 
followed a standard model of allopatric isolation, and nearly all analyses of the ddRAD-
seq data resulted in the same topology with high nodal support values (Figure 5.3). The 
fact that a variety of datasets (i.e., sequences, indels, presence-absence, gene trees, SNPs) 
converged on this topology offers high confidence that this is the best estimate of 
phylogeny for these taxa. In contrast, the history of speciation in the brood parasitic 
finches (Vidua) has likely been more complex, involving rapid speciation via host shifts 
and post-divergence gene flow, as well as geographic processes (see Chapter 4; (Payne & 
Sorenson 2004; Sorenson et al. 2004; Sefc et al. 2005). Thus, the phylogenetic 
relationships among these species are likely obscured by shared ancestral polymorphism 
due to short internode branches between speciation events as well as reticulation due to 
introgression. Nonetheless, our ddRAD datasets produced broadly concordant Vidua 
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species trees (Figure 5.4), which differ from the most likely mitochondrial gene tree 
(Figure 5.1), and can be used to study the evolution of the genus. One interesting insight 
is provided by the recovery of a sister relationship between V. hypocherina and V. 
macroura (Figure 5.4, node F), which are the only two Vidua species that do not mimic 
the vocalizations of their hosts. Together with the finding that the paradise-whydahs (V. 
interjecta, V. orientalis, V. paradisaea, and V. obtusa) are sister to all other Vidua (Figure 
5.4, node E), this means that there was likely a single loss of host mimicry in the genus. 
 Controlling for the length of the subtending internode in the best estimate of each 
phylogeny, a greater proportion of individual Lagonosticta gene trees contained the 
adjacent node as compared to Vidua gene trees (Figure 5.5). One possible explanation for 
this pattern could be larger effective population sizes in Vidua, resulting in longer 
retention of ancestral polymorphisms under the coalescent. Given that Vidua species are 
brood parasites, however, it is highly unlikely that they have larger population sizes than 
most Lagonosticta species, which are the primary hosts of indigobirds. Alternatively, this 
pattern could result from higher rates of introgression among Vidua species. This 
explanation is more likely given that mate choice behaviors shaped by imprinting on the 
host in combination with imperfect host fidelity by female parasites can lead to 
hybridization (Payne & Sorenson 2004). Also, the speciation by host shift model requires 
sympatry between ancestral and incipient species, and therefore presents opportunities for 
these lineages to hybridize due to incomplete behavioral isolation. An additional factor 
that likely contributes to discordance among loci is that independent colonization events 
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(in time and/or space) from different ancestral populations or species could contribute to 
the evolution of a given Vidua species. 
 
Decay of ddRAD loci with increasing genetic divergence 
As expected, the number of shared ddRAD loci between taxa was negatively correlated 
with the evolutionary divergence between samples (Figure 5.6). Nonetheless, the 
Lagonosticta and Vidua datasets each contained ~3000 loci even though we applied 
stringent thresholds to locus selection (i.e., no missing data, no flagged genotypes and ≤2 
low-depth genotypes). While these genera likely diverged from each other ~20 Ma 
(Sorenson & Payne 2001), there were still ~1400 loci shared between intergeneric pairs 
of samples (Figure 5.6) and over 1000 loci (~90,000 bp) shared in common and 
recovered at good depth in all 25 taxa in this study. Although more loci could be obtained 
with less stringent selection criteria (e.g., allowing missing data) and/or modifications to 
the laboratory protocol (e.g., using enzymes with higher cutting frequencies), genotype-
by-sequencing methods that use restriction enzymes to subsample the genome are 
unlikely to produce enough shared loci to resolve relationships among highly divergent 
taxa (Rubin et al. 2012). For higher level phylogenetic questions, hybridization probes to 
capture ultraconserved elements (UCEs) or other conserved genomic sequences may be a 
more viable option (e.g., Carstens et al. 2012; Crawford et al. 2012; Lemmon et al. 2012; 
Faircloth et al. 2013). 
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Conclusions 
ddRAD-seq and related genotype-by-sequencing methods broadly sample the genome 
and produce datasets that are orders of magnitude larger than in typical molecular 
phylogenetic studies over the past 20 years. In addition, the method requires no advance 
knowledge of genomic sequences for primer/probe design and so can be applied to 
almost any organism, although availability of a closely related reference genome may aid 
in the clustering of homologous loci among taxa. In this study, we demonstrated that 
ddRAD-seq data provide various sources of information for phylogenetic analyses (i.e., 
sequences, indels, presence-absence, gene trees), thus allowing for the estimation of 
multiple alternative hypotheses of relationships among taxa. High confidence in a 
hypothesis is achieved when various sources converge on the same topology, whereas 
discordance among datasets may reveal that neutral and/or non-neutral processes that 
merit further study have created incongruence among loci. With the continued 
development of species tree methods, particularly those using SNPs, and next generation 
sequencing technology (i.e., reduced cost, increased throughput and read length), 
genotype-by-sequencing methods are likely to be a tractable and powerful option for data 
generation in modern phylogenomic studies. 
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Table 5.1. Information for samples used in this study. 
Family Genus species English name 
Locality 
(or captive) Sample ID 
Museum 
accession no. 
Estrildidae Clytospiza monteiri Brown Twinspot Cameroon MDS054 TBD 
 
Lagonosticta 
senegala 
rhodopsis 
Red-billed 
Firefinch Malawi A056 
UMMZ 
231354 
  
s. rendalli 
 
 
Cameroon A167 
UMMZ 
232449 
  
rufopicta 
Bar-breasted 
Firefinch Cameroon A204 
UMMZ 
232441 
  
larvata 
Black-faced 
Firefinch Cameroon A145 
UMMZ 
232458 
  
rara 
Black-bellied 
Firefinch Cameroon A248 
UMMZ 
232452 
  
rubricata 
rubricata African Firefinch Cameroon MDS065 TBD 
  
r. congica 
 
South 
Africa SAR6894 
UWBM 
53053 
  
rhodopareia 
Jameson's 
Firefinch Malawi A107 
UMMZ 
231405 
Viduidae Anomalospiza imberbis Cuckoo-Finch 
 
Mali A1794 
UMMZ 
236335 
 
Vidua 
macroura 
macroura 
Pin-tailed 
Whydah Cameroon A147 
UMMZ 
232524 
  
m. arenosa 
 
 
Malawi A089 
UMMZ 
231387 
  
orientalis 
Sahel Paradise-
Whydah captive 90.o53 
UMMZ 
231660 
  
interjecta 
Exclamatory 
Paradise-Whydah captive NKK511 
UMMZ 
228179 
  
obtusa 
Broad-tailed 
Paradise-Whydah Malawi A082 
UMMZ 
231380 
  
paradisaea 
Long-tailed 
Paradise-Whydah Malawi A081 
UMMZ 
231379 
  
hypocherina 
Steel-blue 
Whydah captive 90.o31 
UMMZ 
231669 
  
fischeri 
Straw-tailed 
Whydah captive 90.o50 
UMMZ 
231655 
  
regia 
Shaft-tailed 
Whydah captive 90.o38 
UMMZ 
231658 
  
chalybeata 
neumanni 
Village 
Indigobird Cameroon A177 
UMMZ 
232518 
  
c. 
amauropteryx 
 
 
Tanzania JMD1285 TBD 
  
raricola 
Jambandu 
Indigobird Cameroon MDS004 TBD 
  
camerunensis 
Cameroon 
Indigobird Cameroon CNB018 
UMMZ 
239680  
  
purpurascens Purple Indigobird 
 
Tanzania JMD1249 TBD 
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Table 5.2. Summary statistics for Lagonosticta and Vidua ddRAD-seq datasets. 
  Lagonosticta Vidua 
Number of samples 10 15 
Reads per sample (ave ± sd) 994064 ± 125299 889334 ± 104578 
Putative loci (≥5 reads) per sample (ave ± sd) 8969 ± 443 8901 ± 359 
Passed Loci** 2860 3100 
Loci with ≥1 biallelic SNP 2856 3098 
Ave alignment length (bp) 88.1 89.2 
Ave number of SNPs per locus 6.4 5.9 
Ave number of haplotypes per locus 6.4 5.4 
Ave number of indels per locus 0.6 0.5 
Present-Absent Loci* 10904 10212 
* All samples had either good or low depth genotypes (but not more than 2 low depth 
samples per locus). 
** All samples had either zero or ≥10 reads. 
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Table 5.3. Consistency index (CI), homoplasy index (HI), and retention index (RI) 
statistics for Lagonosticta and Vidua character-based datasets. 
 
Lagonosticta Vidua 
Dataset CI HI RI CI HI RI 
Concatenated sequences 0.90 0.10 0.84 0.87 0.13 0.80 
Concatenated indels 0.88 0.12 0.75 0.85 0.15 0.80 
Concatenated seq+indel 0.89 0.11 0.84 0.87 0.13 0.80 
SNPs 0.90 0.10 0.85 0.88 0.12 0.81 
Presence-absence 0.83 0.17 0.73 0.82 0.18 0.75 
Statistics were calculated using the most commonly recovered topology for each dataset 
(see Figures 5.3-5.4). 
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Figure 5.1. Estimates of relationships among Lagonosticta and Vidua species 
included in this study based on mitochondrial DNA. 
Phylogenetic analyses were conducted using parsimony, likelihood, and Bayesian 
methods with 2186 bp comprising tRNA-Met, ND2, tRNA-Trp, ND6, tRNA-Glu, and 
part of the control region. Topology with branch lengths based on a BEAST Bayesian 
analysis. Asterisks represent nodes that were constrained based on independent data. 
Filled circles represent nodes with >0.95 Bayesian posterior probability and >70% 
parsimony and likelihood bootstrap support, and open circles mark nodes with support 
values below these thresholds for at least one method. 
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Figure 5.2. Phylogenetic networks of relationships among (A) Lagonosticta and (B) 
Vidua taxa based on ddRAD data. 
The Neighbor-Net algorithm was used to construct networks for the (A) Lagonosticta and 
(B) Vidua datasets. Both networks are drawn at the same scale. The Vidua network 
contains more inconsistent splits, which make lines appear thicker (see inset boxes with 
portions of each network displayed at higher magnification).
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Figure 5.3. Results of phylogenetic relationships among Lagonosticta taxa using 
ddRAD-seq data. 
The cladogram represents the consensus topology among analyses. The table below provides details on the 
input data for each method and support values for each node in the cladogram. Support values derived 
using Bayesian methods are on a scale of 0-1.0, and those resulting from non-parametric bootstrapping are 
on a scale of 0-100. In most analyses, the outgroup was defined a priori, and thus support values for the 
basal node of the genus (node A) cannot be estimated (n/a in table). Empty cells in the table denote 
relationships that were not recovered in a given analysis.
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Figure 5.4. Results of phylogenetic relationships among Vidua taxa using ddRAD-
seq data. 
The cladogram on the left represents consensus topology among analyses; clades on the 
right depict alternative nodes that were recovered in at least two analyses. See Figure 5.3 
legend for additional details on contents of the table.  
 
	  	  
169 
 
Figure 5.5. Estimates of internode branch lengths and phylogenetic signal of ddRAD 
loci in Lagonosticta and Vidua. 
(A) Topology with branch lengths for both Lagonosticta and Vidua taxa based on 1012 
ddRAD loci shared among all taxa in both datasets. The topology was fully constrained 
to the most probable species tree for each genus (cladograms in Figures 5.3-5.4). 
Numbers at nodes represent the proportion of gene trees in the Lagonosticta (n = 2860 
loci) or Vidua (n = 3100 loci) datasets, respectively, that contained that split. (B) For each 
genus, the correlation between length of the subtending internode (red and blue branches 
in A for Lagonosticta and Vidua, respectively) and the proportion of individual ddRAD 
gene trees that recover each node.
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Figure 5.6. The correlation between genetic divergence and the number of shared 
ddRAD loci for all possible pairs of samples. 
Genetic divergence was calculated using 1012 ddRAD loci that were recovered in both 
data sets. Shared loci values were calculated from a pool of loci (n = 14492) that were 
recovered with a depth of zero or ≥10 reads in all samples. 
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